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The idea that these pajters. wliicli origioallj- appeared in the 
Journal of the UniUd States Artillery, should be republished in 
book form was not thought of untiJ the lust paper deseribiiig the 
new instrument recently installed at the Artillery t5choul was 
about to be published. The reprints of the first pajier. which 
cotilains a discnseiou of the general principles ujH>n which the 
operatiuii of thi: iihnuiograph dcju-nds, soou became exhausted, 
80 that it was denirahle to have it repubiiehed in some form. 
At the 8«p(jestion of friends and through the courtesy of the 
Editor of the Journal it was arranged to publish the collected 
paiwim in tbi- form now submitted. 

Ill deciding upon a plan of presentation it was thought that 
tho original |>apera without change, ae representing historically 
tlie [iftrticnlar point of view in mind at the time they were writ- 
ten, wonld give to others in the best manner the account of tlie 
development of the new instrument thns far, which is the object 
of thi« publication. The first paper, describing the principles 
involved and the rough apparatns used in the early experiments, 
wn* originally written in part to present the matter to the Ik>ard 
of Ordnance and Fortification for tlie purpose of securing finan- 
cial aid to bnild an accurate instrument based upon these princi- 
ples, living DUccessful in interesting the Board in the develop- 
ment of the infitrument, the next step was naturally to make 
■omo further experiments both in the improvement of theinstm- 
ment and in testing its usefulness as applied to the measurement 
of interior velocitiee. The accuont of these experiments forms 
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vi PREFACE, 

the subject of the second paper, originally presented as a report 
to the Board of Ordnance and Fortification. Tliis also served 
as a preparation for the design and construction of the final 
form of instrument, which was next to follow. The instrument 
was finished and instaUed at the United States Artillery School, 
Fort Monroe, Va., during the summer of 1896. 

An opportunity was presented at that time of making some 
further experiments with the new instrument used as a means of 
recording variable or alternating currents, especially in the inter- 
esting cases of " make " and " break." The third paper, sub- 
mitted as a report to the Board, contains a detailed description of 
the new Instrument, with its accompanying Measuring Instru- 
ment, for the purpose of measuring the angles upon the negatives 
obtained, together with some account of the experiments upon 
alternating currents which illustrates its elastic character. As yet 
no trials with guns of larger caliber than tlie 3". 2 field gun have 
been made through lack of time and opportunity. It is thought 
that the results obtained with the smaller gun justify a careful 
set of experiments with larger guns, though it is true that these 
require a much larger equipment of machinery in the shops, and 
would occupy a longer time. 

The original paper by Dr. Crehore, upon A Reliable Method 
of Recording Variable Current Curves^ published in the Trans- 
actions of the American Institute of Electrical Engineers for 
October, 1894, is added by way of appendix, because it gives a 
more complete treatment of Faraday's discovery of the phenom- 
enon of the rotation of the plane of polarization of light by a 
magnetic field, for reference by any who may wish to examine 
the subject more in detail from a purely physical standpoint. 

To Lieut. B. W. Dunn, Ordnance Department, U. S. A., 
we are indebted for the method by which he has increased the 
possible accuracy of tuning-fork records for the measurement of 
minute intervals of time. 

It is a pleasure to acknowledge the large number of letters 
received from scientific and military experts of many parts of 
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Europe as weU as this conntiy, containing enggestions and 
applications which have been a constant source of encouragement 
and inspiration to further work. 

We feel it but a poor recognition to record our obligations to 
Colonel Royal T. Frank, 1st Artillery, Commandant of the Ar- 
tillery School, for placing the resources of the laboratories of the 
School at our disposal for conducting these experiments, and 
especially for his support during the early experiments, before 
official recognition and financial aid had been received to carry 
on the work. 

A. C. 0. 

G. O. 8. 

U. 8. Abtillert School, Fobt Monbob, Va«» 

March, 1897. 
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INTRODUCTION. 



The word chronograph means an instrument which is liter- 
ally a time writer, that is, one which is capiible of uieahuring and 
recording the limes of certain events. From tlio couditiouB 
which in the nature of tilings are always required of it, the wwrd 
chronograph lias an additioTial meaning. The evente to be re- 
corded seldom lia|ipen at the place where the instrument is 
located, and thus ariscB the nocessiiy of communicating immedi- 
ntelv npon its occurrence the event to the chronograph proper. 

The mcftUB of commnnication used, since it is a comparatively ' 
flimplo matter to record events happening at the instrument, 
have in fact become thu all-important part of a chronograph, 
BO much BO that the merits and demerits of a given inBtmment 
are nsuHlly decided by considering it alone. 

Jiefore entering upon tiie design of an inGtrnment based 
upon the principles to bo described, the construetton of the 
Iteflt modem clironographs wae studierl and analyzed from the 
foregoing point of view. In a large class of these instruments, 
•II of which communicate the intelligence from the place where 
the event happens tii the chrtmygraph by means of the electric 
current, the rocoid is eventually made by n styhis or indicator 
oonaoeU'd to ihe armature of an electromagnet. The armature 
cvi<]ently is set in motion after the event to be recordeil hufi 
bspponcd. The delay is due to a number of conspiring causes. 
one of which is tlic inertia of the armature itself; another, the 
timo rt?quircd to magnetize the iron; another, the electrical 
properties of the line conveying the information. 



2 INTRO UDCTIOX. 

Another class of instrnments use no moving armatures, but 
employ an electric spark, obtained from a circuit wound around 
an iron core, and usually from a circuit independent of the line, 
such as the secondary of an induction coil. The spark pierces a 
prepared surface, and leaves its record upon it. This is found 
to be a source of slight error, as the successive sparks do not 
proceed from the same point by identically the same path. 
There is also the delay due to the presence of the iron, the mag- 
netic behavior of which is known to be dependent upon its past 
history, and also some delay from the use of a secondary coil. 

It is understood that the intervals referred to above are ex- 
ceedingly small quantities, and quantities which may possibly be 
made of equal duration in successive records, so that the differ- 
ences in time will correspond accurately to the actual events. 
Notwithstanding this possibility, it is certainly more satisfactory 
to use an instrument where one is sure that these intervals are 
negligible, and it is this thought which naturally leads to a 
consideration of the i>ossil)Ie agents which are available for such 
a purpose. Such agents are to be found in Light and Elec- 
tricity, when it is remembered that the velocity with which 
either of thews agents travels is the enormous speed of 186,000 
miles per secMmd, that is, more than seven times around the 
earth in a siiigUs second of time. The use of light alone, if 
rightly applied, is HulHcicMit to answer all the purposes of a 
chronograpli traiiHinittor ; but this plan would lack the essential 
feature of coiiveiiieiK^e in practiciil manipulation for most pur- 
poses, which reiulers it proliibitivc. The combination of the 
two agents Light and Klectricity meets the requirements from 
the practical standpoint, and makes possible a theoretically quick 
and convenient arrangement. The employment of the two agents 
together, however, would not admit the use of a connecting link 
between them which is inferior in point of speed to either of 
them, so that one' is forced to ask what are the known points at 
which Light and Electricity meet? Where does a beam of light 
ever have any direct influence upon electricity in any of its 
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mauifeetatione? Or where does electricity directly influence a 
beam of light? This was the (jueation which Michael Faraday 
cjirried promineutly before hiin in the early part of the iiino- 
teentb century, when there was no then known eonuectioa 
between these two great agents. It was to his remarkable per- 
severance in experimenting, due probably to the keen insight 
and native intnition he possessed, which tinally led him to dis- 
cover the first direct connection between Light and Electricity 
in a surprisingly remote and unsuspected place. He did not 
find tliis effect until a particular kind of light was used, in which 
the i-ihratiou is confined to one plane, known as the plane of 
polarization of the polarized light, and tlien tlie effect could not 
be noticed until the light was analyzed. By passing the polar- 
ized beam through certain substances situated in a strong mag- 
netic field, and in such a direction as to coincide with the lines of 
ma^etic force, it was found that the plane of polarization was 
rotated as detected by tlie analyzer, when it was not rotated 
without the magnetic field. Different substances possess this 
property in different degrees, but the amount is very small as 
coin])ared with those suljstancas whicli possess this property 
naturally, without tlie aid of the magnetic field. It is the appli- 
cation of this discovery, viz., the infiuence of the niiignetic field 
aa generated by the electric current upon light, wiiich is the 
basts ol tbo chronograph to Ite described in the following papers. 

Since this first discovery by Faraday others have been found 
which reveal the intimate relations existing between Light and 
Electricity, one of these being that they each travel through 
space with the same velocity. 

The nee of IJght as the agent in a chronograph is greatly 
facilitated by the recent development of rapid photographic 
platea, which only ruqi<ire the shortest exposures to intense 
light. ExiKWures as sliort hs the l/10,000or even the 1/100,000 
of a second are found practically sutficient to make permanent 
nioords ou the sensitive plates with even moderate light intensity, 
aa compared with that intensity which may be obtained. 




eihaaaaefL Tint -^sziiiit ^ck±a&r i:c i^o^ h sLZtEoatot i=. ibe 

fp€ia£e tqos^'jcj pi^v^r. Ii zLiifc fci»: ~:e eecifioiZj irDkfpftTvst 
to tine «j«*aEr TtTe-jec;£rii*iw -ir ':C~Dt riTrj re "^fT> ^- :e wtSrc- 

u rerr eKflj oMazDed; usz ix k pc\<«^<j z»ix Tht Toast desnble 
nbetanee to empk'T. 

An ezunixtsxkHi of tbe is of ««tis3sspee§ w^5di faive been 
tested faik u> rereal mr re^ii^Arin'. eiLer ia pciTaol pn>paties 
or in dbemieal eonsdmtiocu wliidh migtii dcrne ^ a snie to the 
experimenter in mrelung for sofasttzMe^ of gretx specific rocm- 
torj power. If a eabetanee ooald he f<:*imd viiidi poaseaseB 
mncli greater rotatory power, so that it might be operated bj a 
smaller amomit of power, there is no donbt that the usefulnesB 
of tlie instrument for gome purposes would be inoreaised. 

The reeearehes of Verdet have given us dennite data as to 
the fall of magnetic potential required to produce a giren rota- 
tion of the plane of polarization, and this value is large when 
con)i>are^l with a substance like quartz, which naturallv possesses 
the [Kiwer of rotating the plane without the magnetic field. It 
requircft, for instance, approximately 35,700 ampere-turns 
wound up^jn a tube containing carbon bisulphide to produce 
the equivalent rotation of a quartz plate one millimeter in 
thickncBB. 

IU>u^hIy speaking, the coils for the carbon bisulphide tubes, 
doscril>cd in tlie following papers, require considerable electrical 
I)owcr to ojKjrate, but it must not be inferred that this is neces- 
sarily the case to produce satisfactory records upon the photo- 
graphic phito. The great perfection which has been reached in 
rapi<l photographic i)late8 already referred to, as well as the fact 
that thu light from a powerful electric arc is concentrated 
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through the tube to be operated upon, makes the matter of pos- 
sible sensitiveness of the receiver only determined by thorough 
tests. 

Although the time has not been afforded as jet for entering 
into the question of the most desirable size and shape of receiver 
tubes and the minimum amount of power necessary to produce 
good records upon the plate, yet a few trials have been made 
with this in view, and it is hoped they may be continued. Per- 
fectly clear and strong records have been easily obtained through 
a tube 40 cms. long and of 1.5 cms. inside diameter, with an 
expenditure of about sixty watts power, or about that consumed 
in an ordinary 16 candle power incandescent lamp. 



EXPERIMENTS WITH A NEW POLAEIZING PHOTO- 
CHKONOGRAPH, APPLIED TO THE MEASURE- 
MENT OF THE VELOCITY OF PROJECTILES. 



The experiinenta forming the eiibject of this paper were ' 
conducted between tlie dates of the 27th of December, 1894, 
and the 12th of January, 1895, at the United States Artillery 
School, Fort Monroe, Virginia, This time was chosen becauBe 
it cune daring the holiday vacation, and was the only time that 
cither of lis conld devote uninterruptedly to the work. The I 
oliject in making theat experiments was to test a new inetra- 
ment ne applied to tlie moaBiircmetit of tlie velocity of projectiles. 
In May, 1894, a pa|»er* in which was described a new method 
for measaring any kind of & variable electric current, no 
matter how sadden or abmpt the change in the current, was 
n>nd at the general meetins of t'le American Inetitnte of 
Electrical Engineers in Philadelphia. A point of superiority 
of this instrument over other known methods of measuring 
carrc'ita is the fact that, in recording a variable current, no 
pvTulmM^ Matter is required to be inovefl, as is the case 
with other instruments for this purpose. Many eiiamplea of 
other inetninicnt^ might f»e mentioned, but in each case a cer- 
tain amount of ponderable matter poswessing inertia is required 

• "A Itellklilu Hetliod of ReconllDg Vadnblo Current Currea," by Dr. A. 
C. Cnbm*. 

TntDMOtloiM of tlw Amerlctui laaiiiute of Electrical Englneen, Octo- 
bw. tWf. 

TbB PbTilcal RcTiew, No. 3, Vol. U, 1694. See Appendix. 
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to be moved, as, for instance, when a telephone is used upon 
the diftk of which is mounted a mirror that permits a beam of 
liirht to 1)0 reflected from it : anv vibration of the disk gives an 
anirular motion to the beam of light, and this motion is in turn 
n<*«>rdiii \\\My\\ a moving plioto:»raphic plate. In this instance 
tht' matter whicli is required to be moved is the disk and the 
mim»r mounted ujxin it. When the current varies it is tom- 
p»IKhl to do work in moving the disk on account of the iner.ia 
\A ho moviuiT jxirt. As a consequence of this, the motion of 
\\w Ivain \\{ light lags Ix^hind the position it should occupy to 
!>^|M\?iotu the ourrent accurately. 

Tl^o tvU'ion l>otween an instrument which will accurately 
»»»»-< iMv .1 va'iaMo electric current and the measurement of 
sUv \A^\'\^\ of pr<^jivtile> mav not be evident at a glance. 
I»» »ri-n>| lo this, it may be said that any good mstrument 
*«»» ♦nruMMMj^ a variah'c ourrent possesses the essentials of 
•I , lu^MiiVj^, ipK^ ,y^xy\ a olmmograph is the essential instrument 

* •» u»,»»oo»o \\w \oUvity of projectiles. A good current 
*'* »»•♦•♦ »»uiM v'.xo siitHoiont tlata to construct a curve, the 
'' '* '*'• »• >N»' •%t*'o-oj\(itii; timo and the vertical axis the cur- 
' "* ^ ■'" «»'»»v' oux*»\als IstwvxMi any phenomena can therefore 

* '" ' '•'■ * *M »«x ■» »M irwrniiuont, if the phenomena referred 
\ I. » I *!.(..,. I ^^x\\\y^\ ^Miornipriiiir the electric current or 

* I " '•• I *»»!i. \\\.y\\ ,M \\w aniolo referred to, it occurred 
' " ♦ »* *^ '* * >> >• i\ \\w time oonsidoring means for 
*' » ' '" » ''* Kn..x>t^ m,vil»,s|, y\\ nioa^iuring tiie velocity of 
I I '" '^'^^ *'i lU'iii.MUMu \\v»uM Iv well adapted for the 
i'"i *'' •' * v» * 'h^^.'1^^uxKm\vv Ivtwivn us, bv which it 

* •* * < \u».|i.*iAn^ il»v\»x» o\|HM*imonts at the earliest 
»» '•'"•» ♦»« i ^ . 'i.|iuv,U »uUixMiiv W54S obtained from 
• I " I l-Mi I i ^ uik r^uuuuuxUuc of tho Artiilerv School, 

' ' *'^ Mu.uiiiuvu.u uul \\w u^o of the rtwurces of 

'•' ''»"»'»''i--» »lu. n.Uu.a iv.i (No [Mxv»,vution of the work, 
•••* •« '»••■ i" i»*' 'U|.|.uii ^u,| vuus^MHj^vmout thi\ui4rhout that 
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these experiineDtfi were mnde poeeiblti. Preparations ftr the 
exjveriuients were immediately' beguu. A temporary proving 
gruuDtl was fitted up about Eovenly-tive yards from the labora- 
tories of thi! Artillery School, and the iieceseary ballistic lines 
iiiU screens installod for operating two Boulenge instruments. 
At Dartmouth College, where the original apparatus was pre- 
jwred, ii Ejiecial camera was made, which is described later, 
AD' I the wliolo instrument was shijipcd to Fort Monroe on 
Deeember 19. 

For the purposes of a chronograph the original instrument 
is biiuplilied by omitting the part of the apparatus producing 
tlie spectrum, and by recording instead the persistence and 
interruptions ot the white light emerging from the analyzer. 
The nature of the instrument is sneli that it is admirably 
adapted for recording the passage of the projectile at a number 
of ]Kiint« of its trajectory, which points of observation may be 
) near together as is desirable. For tliia reason it was made 
n object to study the law of variation of the velocity of the 
projectile near the muzzle of the gun. Observations were gen- 
erally taken within a distance of forty-five feet from the muzzle 
at varione regular intervals. As many as ten observations at 
regular intervals of only five feet, lieginning at the mnzide of 
the gim and extending to a distance of forty-tive feet, were 
obtained. From measurements on the negatives, it is clearly 
' evident from each that tlie velocity of the projectile actually 
I iiicreaaea after leaving the gan. This is a fact which has long 
[ bocn iuspecletl, but which, so far as we know, has not been 
I previonaly demonstrated experimentally. 

Pbixciples Utilized in the Chronograph, 

The method of measuring the velocity of projectiles described 
I in this ]Wi)cr is the ^^me in one essential particular as the methods 
[ DOW practiced. The projectile passes through screens, and the 
Lvolocity is obtfuued from the two independent measurements of 
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the distance between the screens and the time interval. The instru- 
ment is not a '^ one point velocimeter, " by which the velocity 
may be measured by a single observation of the projectile at one 
point of its trajectory, which is a conceivable thing; but is a 
new form of chronograph to measure the time interval between 
the screens. The spaces are measured independently. As & 
chronograph, the instrument has a wide application to many 
phenomena of nature, besides the single application to the meas- 
ment of the velocity of projectiles. 

The Chronogra^ph. 

The desirable and possibly essential features of a good 
chronograph may be classed as follows : First, there must be 
some agent which can transmit from the phenomenon to be 
recorded wlierever it may be located, the occurrence of the 
event to a place wliere it can be permanently made a matter of 
record. Second, the agent whicli is to receive the record must 
include with it some accurate means of measuring time. For 
brevity, let us designate these two parts of any chronograph by 
the terms ' ^ transmitter ' ' and ' ^ receiver. ' ' The transmitter will 
then include all those parts of any chronograph which are instru- 
mental in conveying the occurrence of the event from the place 
where it happens to the agent which finally receives the record. 
The receiver includes all those parts that are essential in receiv- 
ing the record, together with an accurate means of measuring 
time. 

{a) The Tran^smitter. 

It would be said that a transmitter were a good one if the 
time interval that elapses between the occurrence of the phe- 
nomenon to be recorded, and the actual recording of it upon the 
receiver were absolutely zero. It need not bo said that all we 
may hope to do in practice is to approach that condition as 
nearly as possible. However, where we are only concerned with 
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differencee in time, we have the fortunate condition tliat any 
error dieappeare in taking the difference, if the times of trans- 
niieeion are always exactly alike. Tlie chance of error is also 
greatly reduced if tliese intervals of trausmiseion are made as 
giiiall as jmeeiblc. 

The particular form of transmitter need in theee experiraenta 
depends for its action upon the use of polarized light. Though 
the principles of jKilarized light are familiar to many, eucli an 
cesciitial part of the chronograph depends upon them, that it ia 
hoped the following explanation is not entirely uncalled-for. 

Let us admit a beam of sunlight through a small aperture 
into a dark room, and let it fall upon a sensitized photographic 
plate. If the plate is moved transversely across the beam, it will 
bo found that the negative shows a continuous band of light. 
Now suppose that the ajicrture which admits the beam of light 
ifi provided vrilh a shutter that can be opened or closed at will. 
As the sensitive plate moves across the beam, let tlie shutter be 
snccessively opened and closed. The negative now bIiows an 
interrupted hand of light, alternately light and dark, due to the 
o;>ening and cliwing of the shutter. If the lieam were admitted 
to the plate through a narrow slit, it would he ])ossible to make 
t]ie l>and of light stop off suddeidy at a definite point on the 
DBgatire. If it is known just how fast tliis sensitive plate moves 
•crow the beam, it would be easy by measuring the distance 
between two ]>oints on the ]tlato to measure the time intervals 
bctwoeu the opening and closing of the shutter. Again, the 
shatter migtit l>e operalc<l by some agent whose time interval 
we dutire to know, and thus a measure of it obtained. If the 
shatter eonld be manipulated quickly enongh by a projectile, 
we might thus measure its velocity; but if we attempt to make 
*ny maUruU shutter, that necessarily p«)S6eBses a certmn amount 
of inertia, move back and forth at the instant the projectile 
p—B M a Bcreen, we must surely fail. The experiment is moi-e 
meoenful, however, wlien we use a shutter that has absolutely 
no ma»». This is tlie kind of shutter which was used in these 
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experiments, and it wa^ with thL^ object in view to (Obtain a 
lesA .flatter, that we have made ose of p>Iarized light. 

In the path «>f the beam of white light aiimitteil through the 
apertnre is place«l a Xicol prism lanj other means of obtaining 
p«'>Iarize«l lisrht may be empl»jyed» in onler to obtain a beam of 
plane polarized light. ThL* prism is made of two crystals of 
Iceland spar, which are cemented together by Canada balsam in 
auch a way as t«> obtain only a single beam of polarized light. 
The crystal is a doably refracting me«iiam« that is« a light beam 
entering it ia in general dividdi into two separate beam^ which- 
are polarizeil and have different direction;?. One of the&e beams 
in the Nicol prism is disponed of by total reflection from the sur- 
face of separation where the Canada balsam is located, and the 
other emerges a completely polarized beam ready for use. What 
happens may be thought of as follows: AVliite light is made up 
of transverse vibrations in the ether having all sorts of direc- 
tions. Bv the word transter%e is meant that all these vibra- 
tions are confined to planes which are perpendicular to the direc- 
tion of the beam of lisrht, and in white liirht the vibration is 
anv sort of an irre«niliir curve in these planes. In the doubly 
refracting crystal, when this beam is divided up into two, taking 
different directions, it is found that each beam has onlv one com- 
ponent of the vibration of the original light. One beam has all 
tlie up and down components, while the other has all the right 
and left components. Each of these ]>eams is called plane po- 
larized, because each has vibnitions in a single direction only, 
perpendicular to the direction of the ray. As the wave ad- 
vances, all the motion will thus be confined to a single plane 
containing the ray. This is the plane of }x>larization. We may 
say that the function of the Nicol prism is to sort out from a 
beam of light all those vibrations which are not parallel to a cer- 
tain plane in the prism. 

Suppose that a second Nicol prism exactly like the first is 
now placed in the path of the polarized beam. It also has the 
power of sorting out all vibrations not parallel to a certain plane 
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in itself. If then tlie second prism called the " analyzer " iseet 
»o that its plane is jnst perpendiunlar to that of the first prism 
called the *' polarizer,'' all the vibrations not sorted out by the 
polarizer will be by the analyzer. In this position, the planea 
being jqbi perpendicular to each other, the prismB are said to l>e 
"CTOBBod," and an observer looking throngh the analyzer tinds 
the light totally extinguished as though a shutter interrupted the 
bvam. By turning the analyzer ever so little from the crossed 
position, light passes throngh it, and its intensity increases until 
the planes of the prisms are parallel, when it again ditninishes; 
and if one of the prisms is rotated, there will be darkness twice 
every revolntion. 

lu order to acconiplieh the same end that is obtained by 
rotating the analyzer without actually doing so, the following 
means is adopted : Between the polarizer and analyzer is placed 
a tmnsjiareiit medium which can rotate the plane of polarization 
of the light subject to the control of an electric current without 
moring any viat^rial thing. The medium used in these ex- 
periments was litpiid carbon bisulphide contained in a glass tub© 
with plane glass ends. There are many other substances which 
will answer the pnrp<»e, some better thaTi others. This was 
Htlected because it is very clear and colorless, and possesses the 
DOfloamry rotatory property to a considerable extent. It only 
poMSO CPoo tills property, however, when situated in a magnetic 
field of force. The rotatory power is proportional to the in- 
tensity of this magnetic field. 

To produce a magnetic field in the carlton bisulplude, a coil 
of wire 1« wound around the glass tube and an electric current 
pamed tUruugh the coil. ^Vllen the current ceases the carbon 
biralpbide instantly loses its rotatory |>ower. The operation is 
u follows: First, the polarizer and analyzer arc permanently set 
i,tlie crossed iM>sition, so that no light emei^ies from the ana- 
A ciuTOnl is now sent through the coil on the tube. Tlie 
Kof polarization is immediately rotated. This is equivalent 
t TOtating the polarizer through a certain angle, and hence light 
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now emerges from the analyzer. Break the current, the medium 
loses its rotatory power, and there is again complete darkness. 
This arrangement makes an effectual shutter for the beam with- 
out moving any mass of matter. 

Tlie whole time of transmitting the phenomenon to the re- 
ceiver may l>e thought of as consisting of three distinct opera- 
tions, which occupy tliree successive intervals, as follows: 

1. The interval due to change in the current; 

2. The lag of the magnetic field in the solenoid behind 

the current which caused it ; 
8. The time occupied by the rotation of the plane of 

polarization, and the transmission of the light from 

the transmitter to the receiver. 
If we consider these intervals in the inverse order to that in 
which they are enumerated, the time taken by the light in travel- 
ling from the tube to the receiver, a distance of perhaps a meter, 
is only 3.33 X lO"*, or .000,000,003,33 seconds, a quantity a 
thousand times smaller than that measured with the instrument. 
The other part of this interval, that of rotating the plane of 
polarization, we cannot speak of with the certainty of an ex- 
perimental determination, for we know of no experiments that 
have ever been carried out bearing directly on this point, that is, 
to ascertain whether the rotation of the plane of polarization 
takes ])lttce in unison with a change in the strength of the mag- 
netic field, or whether it lags behind it, and if so how much. If 
such a determination were experimentally possible, it would seem 
that its answer would throw much light upon the connection 
between the ether and ordinary matter. It may be considered 
as practically certain, however, that this lag, if any such exists, 
is of the order of magnitude mentioned above, and cannot affect 
any measurable quantity. In taking differences this interval 
will vanish, as the times must be alike in any two instances. 

The second interval, the lag of the magnetic field behind 
the electric current, depends in part upon whether there is in 
the magnetic field any magnetic material. If there is iron 
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present, tliis inteml might have a decidedly important value, 
since it might not otdy have an appreciable magidtude, but moet 
of all it might vary from tiiue to time, dupeiidiiig eutirely upon 
the past hietory of the iron, as Jias been re^)eatcdly and codcIu- 
eively ehuwn by experiment. But the case is different where 
nu iron or niagnetic material is used, for then the magnt-tie field 
u propagated into the space surrounding tite solenoid in waves 
tliat travel onward with the velocity of light, so that within 
» few centimetres only of the solenoid the field b in perfect 
tinidon with the current. For these reasons there was no iron 
metl in the space near the solenoid in these exjieriments. 

The intervals involved in the last two njjerations may be 
neglected in comparison with the first mentioned. The current 
alwayn docs take some time to decrease from its original value 
to zero, and the light is net put out until tlie current is zero, 
though it gradually goes out as the current diminishes. There 
i& no tixcd law uf decrease of current in a circuit containing 
resistance and self-induction when the current ia broken, i.e., 
when the resistance is increased from its original value to 
infinity, or the conductivity is reduced to zero; for the current 
jaait depend uiion tlie law of variation of this resistance. The 
nsifitancu might be gradually increased, so that a comparatively 
long time is occupied by the current in coming to zero. The 
casu of a "break " is apt to l>e sometimes confounded with oue 
which is entirely different in its nature. When an electromotive 
ioTtx is suddenly removed from a circuit, th^ restsUitux remain- 
ing the game, the current dies away according to a curve 
known as the exponential curve, and by this law the current 
reduces to ' th of its value after a time T that dc]>cndB only 
upon the resistance and inductance of the circuit. This T is 
Itiiown as tliB time constant of the circuit, and is equal to L/Jt, 
lltu intinctsncc divided by the resistance. This law has no appli- 
cation, of course, in ihe present instance, and cannot bo used; 
fitr here wc actually let the constant electromotive force remain 
in the circuit, and, far from allowing the resistance to remain 
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the fiarne, we increase it to infiDity. The pHJcess may perhaps 
lie t}ir>ught of ais follows with arl vantage: WLen the circnit 
brealu. the recifttanoe offered to the passage of the current 
liecoine<» very great indeed in the gap formed. If the current 
Ik U} oJicy Ohm'fc law it must quickly decrease to a much smaller 
value. The very act of decreasing the current sets up an elec- 
tromotive force, called the counter electromotive force of self- 
indur;tion, in the same direction as the current. Tlie magnitude of 
thii! electromotive force depends upon the rate of change of the cur- 
rent, and also u[x>n tlie inductance, and it may therefore become 
very large. The induced electromotive force is in fact equal to 
« = — Ldi/dL This electromotive force attains so high a 
value that the current passes right over the gap between the 
conductors and establishes an arc l>etween the two severed 
metals, which accounts for the spark that is always observed 
when a circuit is broken. This arc lasts as long as the electro- 
motive forcje is great enough to keep it up. It may be that the 
c^nistant electromotive force acting in the circuit is large enough 
to maintain this arc, and we liave an arc continually established, 
as bctweofi tlie carbons in an arc-lamp. The moment the 
ttfrinintilrt are so far removed that neither the induced nor the 
coustiiut electromotive force, nor their sum, can bridge the gap, 
then the curn^it stops. Though we cannot hope to know the 
exa(!t time which this arc occupies by any mere sjKiculation, it 
liJiH l)een experimentally determined in certain instances, and 
wlujro certain metals are used as electrodes; and in general it 
should be so determined in each particular instance. 

The foregoing considerations are useful, however, as a guide 
for the exjKjriinenter, to show him certain channels which it will 
be well for liiiii to follow to attain the best results. We may be 
(•certain of one thing by referring to the expression for the 
induced electromotive force : We diminish the induced electro- 
motive force just in proportion as we diminish the inductance of 
the circuit, for it enters as a direct factor there. This indication 
was followed hi the experiments, and the self-induction of the 
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coil upon the tube of curtxin bisulijliidu was inade in four see- 
tiunn, 80 that they might all lie joined in parallel, aiid thus 
roOnce the Belf-inductiuii of the tul>u eixtvenfuld as compared 
with what it would ha\'e been had all tlie coils been connected 
in eories. The more exact description of tlie apparatus is 
deferred until later. 

Another point which may be noted is that the projectile 
mechaaicaUy breaks tlie circuit as quickly as it is possible to be 
done l»y any agency. But the exact influence of tliis is not so 
easy to i)redict, for though it is probable that the current dies 
away qnieker with a sudden break than it does witli a very slow 
one which [)ennits the arc to remain for some time, yet it is not 
proved certainly, for the more rapidly tfie break is made, the 
faster the resistance increases and therefore probiibiy the rate of 
change of current, and with it the counter electromotive force 
incrcSiics. An increased elcclrnmotive force can bridge a longer 
ga[>, l>nt a longer gap may l)e made in the same time that a short 
otio u, with a less velocity at the break. So it appears tliat tlieeo 
two eonsideratioiis counteract each other, aad all depends upon 
which haa the greater in^nence. The former consideration, 
however, seems to favor the view that the (jnicker the break, the 
Aooner the current will cease, 
I The moot imjMjrtant consideration of all in respect to this 
■ttMinterval, which is at the same time moat fortunate, is that 
^^^nicing difTereuces of time these intervals are the same in 
^^Rnes, For exactly the same circuit is used, and the induct- 
aaoa ii necetwartly the same; also, the break is made at the same 
rate (or appro-vimately so) in all cases. This relievee us of any 
oeeeKty of making two electromagnets exactly alike (as is 
required in tlie Itonlenge Chronograph) ; and even if tlie magnets 
are exactly alike as to shape, it has been sliown that two pieces 
vf iron frotit a common original l>ar depend for their action upon 
llieir past magnetic history, which may, of course, he entirely 
diOerent in the two cases. There b no objection to this chrono- 
graph on the score that there are masi^'s of matter to I>e moved 
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or that there are iron-cored magnets used in its operation, for 
there are none. This will hardly be claimed for any other 
chronograph with which we are familiar. 

(J) The Receiver. 

The receiver is that part of the chronograph which is sus- 
ceptible of receiving the continuous record from the transmitter, 
and it also includes that part of the instrument which measures 
time. A receiver is a good one when the exact law of relative 
motion between it and the recording part of the transmitter is 
known, so that every point of the record of the receiver repre- 
sents a certain definite known time. Different instruments may 
have different laws of motion : for instance, one may be a falling 
body whose motion is uniformly accelerated, another may be 
uniform motion of translation, or, again, we may have a uni- 
formly rotating receiver. There are various means of approx- 
imately obtaining these different motions; but let it suffice to 
describe the receiver used in these experiments. It consisted of 
a circular photographic plate upon a horizontal shaft in a dark 
box. An approximately uniform rotation was given to it by 
means of an electric motor, whose armature was coupled directly 
to the shaft. In order to deterraiue the angular velocity of the 
plate accurately, whenever it is exposed, a tuning-fork* is placed 
so that the shadow of one ])rong is projected sharply upon it by 
means of a parallel beam of light from an intense source. The 
light from the transmitter, as well as the light from the tuning- 
fork, is admitted to the plate through a narrow horizontal slit. 
When the plate is in rotation, and the tuning-fork is vibrating, 
the shadow of the edge of the fork describes a sinusoidal line 
around the plate. From a knowledge of the angle on the plate, 
which a certain number of these waves subtend, and the time of 
vibration of the fork, the angular velocity of the plate at once 
becomes known. The real time measurer is thus a tuning-fork, 
which is a most reliable method of measuring time. Moreover, 



A ITBW P0LASIZ1S6 PffOTO-CSBOKOORAPH. 



the epeed in eacli infitance is recorded upon Uie plate at the 
iiifitaut the chronograph record is made, 6o that the necessity of 
Dieasuriiig tlie s[>etil liefore and after the observation is avoided. 
It need not be said tliat the various parts of both the trana- 
mitler and receiver might Iw conatructed in otlier and better 
waj8, and the manner of their use and operation modified in 
I tanny particuliirB which it would he out of place to descrihe here. 



Uesckiption of Atpakatps. 

The gnn need wu« a 3.2-inch B. L. field rifle, No, 56, model 
1 uf I8fl'2. and the service cliarge of 3J lbs, of I. K. H. jtowder 
was uniformly employed. The projectiles were common shell, 
«o selected tliat eaeh weighed 13 lbs. 6 oz. 

Leagtii of bore of gun 25.9 calihrea. 

Travel of projectile in bore .... 21.81 " 
Powder-chamber capacity .... 108.9 en. ins. 
Density of loading 0.95315. 

For the gun two aiege-platforma were kid in prolongatioQ 

land levelled, giving a suitable direction of fire ont to sea. The 

I firing was con<lucted witliout applying the wheel-brakes, and the 

I recoil was approximately cunstant ut 48 feet total, or 28 feet on 

the pUlfonu and 20 feet on ihe ground. 

The armngemeiit of screens for this work jJoasesBeB Bome in- 
tertwtiiiK fwitureu. A skid AA (Fig. 1) 12" X IS" and 15' long, 
was placud in approximate prolongation of the axis of tlie bore 
with tlie gnn elevated at 3°, being supported by two solid np- 
right post« SH, Bi^yond this shifting planks were placed end 
1 to end, spiked together and supported by 2" X 4" scantlings set 
I into the ground at interruls, as shown in the figure. Two large 
! screens, nhown at C and D, were erected, at distances 
tlTely of 44 feet and 1 1 8. 2 feet from the musKlo, for tlie 
f Uie Bonlengu chronograph (Br^ger modification) for par- 
I of comparison. 
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A screen for these experimente which u but a foot wide is 
Bhown at JF, and is made by two strong npright pieces spiked to 
the sides of the skid. Along the straight edge of these pieces, 
on the side towards the gun, wire nails were driven in at close 
intervals, and insulated wire wound around the nails and stretched 
back and forth, three times across being usually sufficient od 
account of the accuracy of the gun. The ends of each screen 
wire were attached to the line wires which were run along on 
either side of the trajectory, the insulators being shown at FFF. 
This method of making the screens near the muzzle a part of a 
heavy beam, placed end-on in prolongation of the axis of the 
gun, permitted greater accuracy in measuring the distances be* 
tween screens by a steel tape stretched taut along the beam ; and 
the whole arrangement, also, presented a minimum surface to 
the blast, the effect of which at first was much overestimated. 
The smallnesB of the screens, and the uniformity in the make-up 
of each, tended to reduce any error caused by the projectile not 
catting the wires of each in exactly the sune maimer. Duiing 
the progress of the experiments tlie screens were placed at vari- 
ous intervals, the final arrangement being five-foot intervals up 
to 45 feet from the muzzle. The first screen was nnifonnly 
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A b the wooden body of the device, BB' binding-poets for 
Bting in the line wire, CC the braae flpringa. The tapering 
B of the springe press firmly together, forming an electrical 
1 between the binding-posts BB'. When, however, a 
ininuU; insuUting plug D is inserted between the jaws, B and & 
l)eeoine insulated from each other. A wire is attAched to the 
iiititilttting plug and stretched across the patli of tlie projectile, to 
be mechanically pulled out by the projectile during its passage, 
tbna re-establisliing the current in the line wire, and consequently 




through the nest screen. Various inanlatiog materials were 
tried in the search for one which would posse8t> the re<]nisite 
tougbuvM to withstand the powerful sliock caused by the projec- 
tile hitting the wire, and at flie same tirae permit of being 
bevellod to the minnte thiiinosH at ita edge which was required 
for nitfh quick action. Hard ruhlKT, mwhide, and nibber belt- 
ing weiv triol, hot hard sole-lesther was found to work best. 
In a4ldition to the nece.(«ar)' wirc« to the ImlUstic room for 
I «porating two Bonlengt^ instruments, four line wires were ran 
from the gnn-platform to tlie electrical lal*omtory. twu for the 
r circuit for tiring the gun, and the other two for tho 
Kpb transmitter. 
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The TKAM8MrrTEB.r 

y 

Id Fig. 3 the transmitter is repre- 
sented at T. It consists of a polarizer 
at Py which is a Nicol prism ; an 
analyzer at A^ a Nicol prism like the 
first; and a glass tube Twonnd, with in- 
sulated wire, — all mounted on an optical 
bench. The Nicol prisms nsed are two 
fine specimens belon^ng to Dartmouth 
College, and obtained at a time when 

104r7n.7n^. 
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Rceistance of 4 coils in Et'ries .... 13.70 olims. 

Resistance of each coil 3.44 " 

It4.<eiEtaDcc of 4 coils ill parallel . . . 0. ^tS " 
Total iiiinilMr of turns on tiihe .... 2900 aboDt. 
Number of turns on each section . . . 725 

Tliis tube was made of larger cross-section than neceseaiy, 
and consequently consumed more power than wonld be required 
in anotlivr apparatus, but inasmucb ae plenty of power was 
available this was not a matter of importance. 

The four coUs were usually eonuected in ])aralle1 in these 
experiments, with tlie object of reducing the inductance of the 
line, tho indnctance of the tube itself being reduced sixteenfold 
by tiiis arrangement. Since a given strength of magnetic field 
had la be attained, the tine current was therefore larger tlian it 
woatd have been with the coils in series. The current which 
vrsB ordinarily nac<l was about 17 amperes, which makes abont 
i\ amperes aronnd each coil of the tulie, and the amount of 
power therefore required for the transmitter was alxmt 249 ' 
watt«. It iinist not be inferred that these tignres repn-sent what 
K neoesHory, but they gave good rt'sults. From ton seconds to 
half a minnle ia api)roximHtely the length of time that the current 
flows around the transmitter during the taking of an observation, 
luid when, tliercfore, this amount of powor is being used. 

The diagram (Fig. 5) shows the transmitter eircnit, including 
tlie tabo at T with the four coils in parnllel, a switch .S', a 
dynamo D giving constant electromotive force ofllflvoltsi, a 
bank of incandcecent reHistance-lftmi* Q, the line wire* ^-.A* ""(i 
the muzzle scroon X,. At Y, Y, Y, are represented the deviceii, 
preriouBly described, for re-estaiilisliiug the curn-nt. The lino 
wirw Iteyond are normally di«conn©cte<l by the insalating plug 
ineertt-id between the brai^ springe, so that the only ]inih for thv 
ciirreiil lieft.re tho gun is tired is tlirough the ecroen X,. Tho 
current is regulated by tnnung on or off lain)iH from the bank Q, 
rTbe opvratioD of the traiuauitt4!r is aa follows: When no , 



34 



A NBW POLABIZINO PUOTO-CHRONOGBAPB. 



current is flowing in the circuit, the polarizer and analyzer 
are permanently set 'in tlie croBscd position for darkness, and 
tlicn, just before firing, the switch S is closed and the current 
flows throQgh the circuit. This permits light to pass through 
the analyzer as long as the current is maintained. When the 



4 



Fia. 5.— Trsnsmitler arcult, 
projectile arrives at the muzzle of tlio gun the wires of the 

L A", are broken and the current in niniplctiily interrupted. 
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c&rocra containing a eensitized plate, which ia ahown in poeiUon 
roady for use at C (Fig, 3). Detailed views of the camera are 
diown in Figa. 6 and V, It is made of wood in the sliaiJe of a 
rectaDgvlar Iwx, the interior dimenfiions being 10" higli by 10" 
wide by 2.fl" doep. Fig, 6 reprvsentti the front view of the 
caoMn-box A with the cover B removed, showing the small 
auxiliary' dark chamber (7, which contains the electro-magnetic 
device D with annature E attached to the brass spring F for 
rvIeosiDg the camera-slide G. This slide is shown in the plioto- 
graph, withdrawn from the grooves in which it normally slides 
by iiassing it Uirough the o(»euiiig at the top after removing the 
cover //, The narrow horizontal slit throngh whicli the light 
is admitted to the photugrapliic plate is shown at /. The slit Ib 
oonstrucicil of sJioet brass, the upper jaw Ijeing stationary, 
horizontid, and jmrallel to a radius of the pliotographic plate. 
Tlte lower jaw J \&a, sector of sheet brass wliich slides between 
two guides, so tliut the lower edge of the slit is also parallel to a 
ntdiiu of tlie ptate, au<l thus the slit is adjustable and is always a 
of the circular plate, the object Wing to obtain a uniform 
of expomire for any part of the slit, 
len tlie camera-slido is in {xisition the nail at A' rests upon 
tiw top of the bniiW spring /', ami the upiK-r edge / of the lower 
•croen of tlie adde covers the slit /. WTion the current passes 
tbroi^i the electromagnets by the binding- jRiste M, the 
armature ia drown and the slide released. The slit is exposed 
oidy while t]ic opening in the eamera-slide is passing by. 

Wlien the camera-sltde comes to rest the upper screen O 
the slit, and it remains s.^ eovercd. The upi>er screen G 
lie of adjustment along the brass rods of the slide, and 
tl^ opening bi-twecn tlie upper and lower screen of the camera* 
•Jide iit tliiu adjustable, and the time of cxpoaure of tlie alit 
under contr<d, 

WlwD the eovi-r li is in [toeition the space containing the 
•lide and the release mctlianism is a complete dark chandler in 
ttaelf . A cap A' in tlte cover li is removed jnst before the camera 
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ia to be need. The wires eliown at are for the purpose of pro- 
ducing on the plate reference circles by casting their shadows. 
The entire back of the camera is removable, and its outside face 
is filiown at P. Through the centre of the back a horizontal 
shaft passes, which revolves in the bearing M. 

Fig. 7 shows the inside of the camera; its body at A, the 
removable back at P, the slit at /, and the cover for the camera- 
slide at IJ. The slide is shown with the npper screen O removed. 
The inner end of the sliaft is shown at Qj and the photographic 
plate S is mounted on this sliaft. Suitable circular plates might 
easily have been obtained, prepared for mounting on the shaft; 
but rather than order special plates it was decided, on account 
of the limited time at our disposal, to adopt the following plan : 
Since the most sensitive plates were required, the Stanley plates 
(sensitometer 50) were used. The 8" X 10" size was cut into 
a circle 8 inches in diameter ; and because it ia not easy to make 
a bole in a glass plate which must be manipulated in a dark 
room, the circular plate was divided along a diameter T, and 
from each half a small central piece was cut to admit the shaft. 
When these two halves were mounted on the shaft, care was 
taken to fit them together accurately, so that tlie disadvantage of 
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platinum point connected with tlie binding- jjoet TTwas brought 
in contact with tliia spring, and the pressure was adjustable bj a 
acrew. Wires were led directly from the binding-poet^ 77" and K 
to some l)atterj cells of the closed circuit tj'|je. 

The motor Hvuiluhle for nmning the camera was not exactly 
suited to the purpose. Four storage cells were used to energize 
tlic motor, and greater uniformity in speed was obtmned by plac- 
ing a heavy iron-toothed gear wheel as a fly wlieel on the motor 
flliaft, as shown at N (F'ig. 3). This wheel aUo served another 
purpose in offering a convenient and ready means of determining 
the proj*repe«d of rotation for a given setting of the camera slide. 
The wheel contained flfty-sis teeth, and by simply holding on its 
periphery the edge of a oinl. with the motor running at an 
unknown speed, the corresponding note would be given out, and 
when Uiis was coniparefl with a tuning fork in the other hand of 
the obAorvcr, it indicated at once whether the speed of the motor 
■lionld be increased or diminished. From the cunstunt^ of tlio 
CAiiiera slide a curve wax constructed showing comjilete vihrn- 
tious given by the note on the fly wheel as attscissfe, and the 
oorreeponding opening of the camera slide in millimeters as 
ordinateo, so that, if desired, the proper speed for any exjKwnre 
bookmes taiown, that is, a speed that will rotate the plate once 
during tliu vx)Mj«urc. 

Tfu> Gratuity 5«wVM. — It was found necessary in the conrse 
of «x|»erimcnt to have iin aociinite means of exposing the camera 
at just the proper time in relation to the firing of the gun, and 
tflur Boniu triaU the funn of switch shown in Fig. 3 at & was 
eotHtrneted with this object in view. It consisted of a wooden 

I with an upright brass rod in its center. On either side of 

nxl were two wooden uprights carrying the connectors T' (" 

id l/t'. To thcsi' connectors were i(tUu'he<l wire springs bent 

toward the braea rod. The weight IP was a cylindrical 

of hnus four inches long, with a hole drilled through it 

wise so as to {lermit it to sUdc freely upon the braes rod. 

a fired by dropping tliis weight down tbo rod. 
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When the weight arrived at the eprings connected with F"F"the 
electrical circuit was completed through FF, which operated the 
camera elide, and upon arriving at the springs connected with 
UV, the primer circuit was completed and the guA was fired. 
The interval of time between making the camera circuit and 
making the primer circait could thus be varied within certain 
limits, by dropping the weight from different heights. The 
curve of calibration of this switch was constructed, which gives 
this interval of time for any height from which the weight was 
dropped. 

The complete arrangement of the electrical circuite need 
with the different pieces of apparatus is sliown in the diagram 
(Fig. 8), in which D is the dynamo ; T, the transmitter tube ; S, 
& switch which completed the circuit of the transmitter just a 
moment before firing the gun to prevent heating the coils ; L, L„ 
the line wires leading to the proving ground; Q^ a bank of 
resistance lamps; X^X^S^, etc., the screen wires shunted acrcras 
between the line wires ; Y^ Y^ Y, , etc. , the devices for restoring 
the current successively between the screens ; and L and L' two 
50 volt arc lamps in series, which for convenience were lighted 
by the same dynamo. The electrical tuning fork is controlled 
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the best practical method of obtaining results. They were, oi 
course, neceasary ae a preparation for this end, as any one who 
has had any experimental experience is fully aware. It seemed 
as though the instruments were jnst set up and sufficient practice 
in their use acquired to feel confidence in getting a result with 
every shot, when we were obliged to cease. 

The construction of the camera used has already beea 
explained. This design was adopted rather on the basis of 
expediency than because it is the raoet desirable form. There 
is one important feature of the camera, which was a decided 
disadvantage in experimenting, that would have been avoided by 
a different construction. We refer to tlie fact that the record 
must be made during a single revolution of the plate, and for this 
reason the whole time of exposure is but a small fraction of a 
second, about .066. The experimental difficulty introduced by 
this was to make the particular six-hundredths of a second, when 
the plate was exposed, coincide with the time when the record 
is made by the projectile, so that the beginning of its record 
should fall near the beginning of the exposure. A certain 
unknown time elapses after closing the primer circuit before the 
projectile arrives at the muzzle of the gim. If the plate were 




A SKW POLAJUZmO PBOTO-CnSONOGRAPH. 81 

I iHdc has to fall a small distance, about 1.1 cms., before the 
•xpoeuru begiits. The urniatiire also takes a little time to act, 
I BO tliat here again is an imo(?rtain interval to be determined by 
I cxpcrinieiit. It was not known whether the camera iiiterral or 
j Uie " firing interval " ia tlie longer, and thie determines whetlier 
[ Cli« cHinera circuit or primer circuit must be closed lirst. It 
I turned out by trial that to bring the muzzle record near the 
I beginning of the exposure tlie camera circuit elionld be closed a 
I anal! fraction of a second before tlie primer circnit. 

To deternuue the "tiring interval" above referred to, an 
experiment was tried a« follows : A switch was used that would 
cioB«e the primer and chronograph circuits at approximately tlie 
Mine time. In Fig. 9 let time be measured along a horizontal 
Pio. B. 
B a D 



, and lot B represent the instant when both circuits are 

An arrangement is attached to this same switch so tliat 

a circuit b made at some unknown interval previous to 

t A . The beginning of the exposure of the plate occurs 

t lome interval AV after A, ami the arrival of the projectile 

lat the mnxzle at another interval BD af tor closing the primer at 

By reference to Negali»e ti (Fig. 10), obtained in one of 

riy trials, with this object in view, it is seen that the 

• exposed first at 0. There are two circles of liglit ; the 

!iib»Io at 6^ is the chronograph record, and tlie inside at FIT is 

Itiie tuning fork record. The inside edge of one prong of the 

irk ga%'u the wavy sinuMiidal line FJ.' and the ontside edge 

sWl'. The plate was exposed until it revolved to Xl', 

Ktiie camera oiide cut off the light. Thirty-four e«m|i]uto 

tinay be counted on the plate, and as each wave occujnea 

^/•'HW.4<t »f a second, tlio whole time of exposure is aWnt .067 

r a second. This interval will be foand not to vary mach in 

t diflereut negativee. The line LM shows where the two 



89 A NSW POLA&IZZya PBOTO-CHSONOGRAPH. 

halves of the glass plate come together. The radial linos 
H, I, J, i'were intentional]; pnt upon the plate as liues of refer- 
ence, though they proved to be unneceseaiy. To obtain them 
the camera wae esposed in the dark room to an oil lamp when 
the plate was stationary, the slit being nearly closed for the pur- 
poec. This negative shows that the chronograph circuit was- 
closed, and with it the primer made, at B some time before the 
plate ifi exposed at C, for the circle of light begiins witii the 
exposure of the plate. The light is cat off at D when the pro- 
jectile cuts the screen at the muzzle of the gun, and the ioterval 
from C to Z> is approximately measured on the plate to be .041 
of a second. This leaves us in uncertainty as to the whole 
interval BD, because the interval BC is unknown. We can 
say, however, tliat the interval from tlie closing of the primer 
circuit to the arrival of the projectile at the muzzle of tiie gnn 
is certainly more than CD or .041 of a second. 

Another trial made with this same object gave Negative IS 
(Fig. 11). It was attempted to bring the point G before S, 
that is, to have the camera exposed before tlie chronograph cir- 
cuit is made ; and at the same time care was taken not to shift 
its position so far that the point J) wonld not he found on the 




A KBW POLARIZarO PHOrO-CaSOlfOORAPB. 



vita eoDBtancy uf position on the plate, we are ready to take 
t of tlie projectilee. 
A word may bo added by way of digression as to tlie nature 
I the light used. The two Hourcee of light iu the experimi-nta 
^ irero Bunliglit and are liglit. Tlie ennligLt could not be ilopended 
f upon when it was neodod, but when available gave a sniootlier 
Bi'gative tlian the arc, ns tlie light is perfectly steady. Tlie arc 
I light was inui-b more convenipiit, as it was ready for use at any 
Qomeiit, but is not bo steady ah sunliglit, or [>crhap6 it ought to 
k- to 1 10 said that the lainpn we were obliged to use were not so. 
f It was fortunate that the are couid l>e ui>ed at all. Tbiij was a 
' point which had nut been determined nntil these trials were 
made. Jfiyatioeg S inul 1.1 (Pigs. 10 and 11) were made by arc 
light, and they show the variations in its intensity very dis- 
tinctly, especially in the tuning fork record. At FTTon Negor- 
spot where the light was especially intense, and on 
I Jfeyaliiv J3 the radial streaks alternately light and dark are 
I quite nntnerons. 

The outside circle CD was made by light from tlie lamp L 
I Fig. 8, which pas6e<l through tlie transmitter. The tnning 
E /Bcord waa made by another lamp Z', the light being 
3 once from tlie mirror Ji, Two of the circles of refer- 
^nadu by the shadows of the wires across the slit in the 
1 covvr, as shown at O (Fig. (J), are Been at 7" and U ou 
Jityative l.i. 

Inasmuch as the variations of the intensity of the constant 

eonvtit arc show so plainly in the negativL«, it may Ix- of inter- 

eit to show a record of an alternating current arc taken with 

, tiiia cunora. Tliis is seen in Fig. 12, which sliows tliat the aro 

mplctely out and appearw again at regular intervals, 

inty of tliCM) light 0pul>> a))iK-jir on this plate during the time 

mai expcmnre, which was about .067 of a MMxmd and two of 

a apots arc made by one complete alternation of the current. 

Dfore the time of a compleW alternation of the current ia 

eljr .067/10 = .OdiJ", and the number of altemittiona 




M 
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per second is the nH?ipnx-al of thi*, or 14i« is the frequency of 
the current fumishe«l vv the ii^jnenitor. It is noticeable that 
everv other li^rht spi.^r is sii-jilar. bat ci>nsecutive ones are differ- 
ent. The on use of this was a mannet held near the arc so that 
it was drawn uut to the left when the current went one way, 
auil to the rio:ht when it went the other. 

The tirst trials to •.»btain a reoi:»rd of the projectile were 
made with an arranwment of circuits as in Fig. 13. It was 
intended to show the makes in the current, when the projectile 
pa^^sevl between the pairs of p«.»ints at A^JSjC^D in succession. 
There was one ^*reen Jl^ at the muzzle to be used in the ordi- 
nary way as a break. It was hoj>ed that when the projectile 
touched the }>airs of }K)ints at A^B. etc., there would be time 
enouirh during the contact for sufficient current to flow to make 
its rcc^>rd on the plate, but on both the negatives 8 and 13 the 
muzzle reconl oi'curs and no trace of light is observed for the 
other points. To obtain the points for the projectile to bridge 



k 




Fig. 18. 



across, wire nails were driven into the heavy skid A A (Fig. 1), 
about an inch apart, and the terminals of the 110 volt Edison 
dynamo connected to the nails. The pairs of points were placed 
at live foot intervals from the muzzle of the gun. Some of the 
nails were knocked out from the skid, but most of them were 
bent over outwards and forwards by the projectile. As no light 
spots appeared on these plates, it proved that the inductance of 
the circuit was too great to permit sufficient increase of current 
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during ihe short time of coutact to make a record. The iiiduc- 
fancv tniglit imve l>een reduced still more by the nee of storage 
battorios instead of a dynamo, but ihese u'ere not at hand. The 
{□duetanee of Uie dirouograph itself was decreased bj winding 
the tube with several coiJs in parallel, instead of a Btngic one 
In si-rivs. 

The mettiod of "makes" was finally abandoned for fear of 
Iwing too much time in e.\periraent without obtaining any 
IVrtuIt, and the follonnng plan adopted, when N^e^ative 10 {y\g.W) 
vas M-curvd, and with it the first measurement of the velocity of 
a projectile. This was obtained on Saturday, Jan. 5, 1895, after 
«i;;)it of the fourteen days had patted. The plan was to use the 
breab insteatl of the make, and the arrangement of circuits was 
ttseeutially as iu Fig. b, hut two screens being employed. The 
firat ftcreen A', consisting of only a single wire, was placed at a 
ditftance of the length of tiie projectile from the nmzzlo. The 
iecond screen A',, irunsisting of only live wires about an inch 
Apart, was 40,13 feet beyond the first. The device Y, for re- 
«Blablisliiiig the current was at a dbtanee of ten feet from the 
tfirst screen. Negative 10 shows tliat the camera was exposed at 
' C for the tmnsmittcr record and at FTTfor tho tuning fork. 
The mtizzle screon was broken at X,, tlie current re-established 
at y,, and interrupted again at X,, when the projectile cut the 
•ereen J', (Fig. 5). Sunlight was used for this negative, and the 
liglit appears of a uniform inteusity throughout. The waves of 
the fork are clearly seen, and the suddenness witli which the 
Bf^t 1« cut off At X, and X, permits accurate meafiuremente to 
be made. 

A# the plate revolves at a uniform angular velocity <», the 
gle 9 between X, and X, may be expressed 



I where f is the time occupied by the projectile in going 40.13 
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feet. The average velocity v of the projeetile during the inter* 
▼al IB then 

where a ib the distance betweei: the Bcreena. In the present in- 
stance 

9 = 40.13 feet, 
6^= 108^ 6'. 816 ±.444 
= 108^0969 ± .0074. 

The probable error is calcnlated from nine measurements of the 
angle, and shows that tlie angle 9 can be messored with ac- 
curacy, the error being only .0068 of one per cent of the 
whole, or, again, an error of only one part in 14,630. This is 
not selected as an especially good example of the probable error, 
but is a fair case by which to judge the whole. Of course the 
percentage of error depends upon the whole angle measured, 
but 40 feet is a smaller distance than it is customary to use with 
other chronographs. Thus far the value oiv\& 

40.13 
^=108:0969^ =-3^12410,. 

The angular velocity oo of the plate is obtained from the record 
of the tuning fork. The advantage of Bom'3 method of this 
kind for recording time will be apparent when it is considered 
that now the whole record is on each plate, and we are not 
troubled to take the speed of the plate at the time of firing the 
gun. In tlie experiments two tuning forks were used manufac- 
tured by Koenig in Paris, which were marked 1024 vs., that is, 
612 complete vibrations per second. These were, as nearly as 
could be detected by the ear, exactly in unison. One of these 
forks was mounted to run electrically as previously described 
(see page 26). After mounting it was found to beat with the 
other fork just one hundred times in 39.45 seconds, or once in 




.3945 of a eecond. This ia the time which the other fork took 
to gain onv t^iniplete vibratioD on the electrical fork, and in one 
second it wouhl gain 2.535 complete vibratioDs on tlie electrical 
fork. A* tite higher fork makes 512 complete vibrations per 
M.>cond, the electrical fork therefore made 512 — 2.536 =: 
5i>U.465 oompletti vibrations per second. The aceura<^'^ of this 
tuctliod depends of course apou the determination of the absolute 
hme of vibration of tlie fork. Tbb has not as yet been made 
by us. Since it is not so important to determiue the absolute 
velocity of tlio projectile in these experiments as it is to examine 
intu tliu merits of tiie method, and see what might be done with 
a more perfect instrument, a determination of the period of the 
fork, and consitjuoiitly of the angular velocity of tbe plate, aside 
from tliat made by tlie makers, is not deemed to be necessary 
before pnblishing tbe result^i of these preliminary experiments. 
Fortunately, however, we need not know the angular velocity 
ftlMolntely in order to determine the relative velocity of the pro- 
jectile at different points of its trajectory. This will appear 
later when other negative* are deecribeii, by which the relative 
Telocity may be found with considerable accuracy. 

The angular velocity of the plate is found by the relation 



wliere 6 Is the angle tiirougli which the plate turns in the time t. 
The angle corre#|ionding to 34 c<>mplcto waves on Xe^ative 10 
is found by nivasun-nicnt to be 2ti4.54 degree". The time of a 
«oni|ilete vibration of the fork ici the reciprocal of the freijuency, 

: of a secand. The time corresponding to 34 waves is 



tbsrafore- 



34 



-, and the angular velocity 



gft4.S4 X 508.4g 
34 



:44I3.42 degrees per second. 



Thb correspondB to abont twelve and one quarter revolutions 
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por Noccjnd, or Hovon hundred and thirty-five per minute. B7 
itilwititutinf; the value of a? in the preceding ezpreadon, we obtain 
i0f tlio vclooity, 

V =z .871841 X 4413.42 = 1638.6 ft per see. 
Vnnn tiiu ntlations v = T-and ff=zos4we may exprees the ve- 

liNsity MM V s= 07^, in which form appear the three eeparate 

qimntitkw that actually liave to be measured to obtain the Teloc- 
ity, it hHM lMN5n shown tliat the angle d can be measure with 
oonsiilumhlu accuracy^ and with proper instruments it is evident 
tlwt tliu angular velocity oo can be obtained with great accuracy. 
Tliit ilUtaiico I)utwuen tlie screens can of course be found with 
Notnu care to a high degree of accuracy ; but when we attempt 
Ut expruMi the distance by more tlian four or perhaps five signifi- 
mni llguruN, it is nocoHsary to measure to a definite part of the 
wire of the Hereon. The uncertainty introduced here is caused 
by the i*.oiii(*4il {Kiint of the projectile striking the screens at 
unHyiniiuttri(*iil phu^oM, ho that the distance may be greater or lesa 
thiiii thiit which irt iniMtHiired hy a small amount. This fact 
iutik(*H it iiM^I HH to oxproKH more than four or five significant 
ligiinm in ^'^i'^K ^'^^ diHtiiiuu). The cause of the greatest error 
In tixpriiHMing tlio velority in thim the factor s in tlie abov^e, so 
that W(i limy nay it irt not the time interval which is so difiicult 
to tuniiHiins hut it is the Hpm*^ pa^Kcd over by tlie projectile 
during thirt timo. 

The vehxMty of thirt siune pn^jectile was measured independ- 
ently with the Honlon^<^ chronograph, and was found to be 
101 /i.N f()i<t ut a dirttance of 81.10 feet from the muzzle, this 
lM«in|;f lh«» (lirttniUH) of the point midway between the two large 
ballirtticf rtcreciirt, one* at 44, the other at 118.21 feet from the 
inu//h\ Thirt volcK»,ity reduced back from the mean point to 
the* muzzle by In^illrt' tables gives a muzzle velocity of 1628.2 
feet iK)r second, as compared with the value 1638.5 obtained 
by UH. 
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Negative 16 (Fig, 15). — The next purpose before us wa» 
the investigation of the variation, in the velocity as tlie projec- 
tile k-ttvea the ninzzle of the gun, since experience had taught 
IIS tliat the bluet was not to be feared as much a£ formerly 
supposed. With this object in view the plan was to obtain 
ob^erVRtione at aeveral points along the trajectory. But to 
Mr^'ompliiih this it was necessary to make sure that the muzzle 
record could l)e depended upon to appear near the beginning of 
the exposure. For this the gravity ewiteh described on page 
87 was constructed. There were then arranged four screens 
at fifteen foot intervals, begiuning with the muzzle screen. The 
niQZitle screen wbjs always placed in front of the muzzle a dis- 
tance ecjual to tlie length of the ]ir«^)jectile, so that the record 
vroiild lie made after the projectile is out of the bore. These 
ecreens wore at distances 15, 3(>, and 45 feet respectively from 
tbtf nmiuile screen, and the arrangement of circuits similar to 
that in Fig. 5. Negative 16 was the Hret obtained with this 
UTHngentent, and arc light was used. The nmzzle record nt X, 
WM delayed more than half u revolution of tlie plate; but the 
m&ke at T, and the break at A', were recorded. The make at 
J^, failed, and conse<pientIy all tlie rest of the reconl. Tlie 
cause of tliis was fiiiiiul to lie that the hard rubber wedge 
between the brass springs at }*, liid not come out to allow the 
K[iri»gs to come together. Although it was woilged in with only 
tufficicnt pressure to hold it and the attaching wire, yet the 
rubber was so brittle, the piece so thin, and the pidl so sudden 
tliat it snap[>ed off, leaving a small piece U'tween the jaws. 
I>*iiMlly, in trying ditferent maleriuls. instead of brittle ntbber, 
hard sole leather was found to answer the purpose veiy well. 
The Ruwon why Uie miiiLzle record occurred m lat*' on the nega- 
tive was decided to be due to the fact that the contacts in the 
gravity switch ojH-nling the camera rebounded from the weight 
M it fell, and tliuii delayed the expcitmre. This was remedied 
by fastoning twu flexible r-iblier cushions behind the springs to 
take up the rebound. 
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:rty-two tnniiig fork wavee on thU plate correspond to 
^fO" 25'. Therefore the angular velocity of the plate was J 



a) = -=S90.41fiX- 



: 4613.0. 



I angle between the breaks is il^.SSS, and this corresponds to 

ance along the trajectory of 15 feet. Therefore the velociLy 

tiie projectile is ■ 



= 4613.0 X 



41.»3S 



: 1649.9. 



The Bonlonge instrument gave a nmzzle velocity for this 
Jiot of 1655 feet. 

Negnthie 17 (Fig. 16), — Uixjn this negative obtained with 
arc light it is noticed that tliere Is a record of the four breaks 
-1',, J.',, A',, X,, as well as the makes i",, 3',, 1",, which were all 
t]ie points prepared in this trial. Tlie measurement of the 
timing fork renml showr! that 34 waves of the tuning fork oc- 
cupy 305°.442, and therefore the angolar velocity is 4576.8 
degrees per second. Measurements on the negative give the 
following angles between the breaks JT,, etc., corresponding to 
the distances 



15 



41°. 21 3 
81°.683 
124°. 267 



Calculating the velocities for each point, using the muzzle 
Boreen ss the first one in each case, we tind 



7.5 1665.7 
15.0 1660.6 
22.5 1657.3 

The Bouleng^ record of this shot was 1656 for the muzzle. 
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Negative 18 (Fig. 17). — It waa then arrangwi to obtain 
potnU at Xien foot iiitcrvals iiiBteat] of fifteen, and negative 18 
wmi next obtained with arc light. Thii^ «howe the iiinzzle break 
at J",, the firet niuke at 3',, the ten fijot break at A',, the make 
1',, ajid the twenty foot break A', ; but that is all. The reaeoii why 
the- rost of the record does not apjiear is supposed to be because 
tlie next make, }',, eatue bo late that the folluwing screen X, was 
liriikon Wfore the current was made, and thus tliere is no record. 
Thin ia eecn to be almost the case at Y, , wlicre fbe make was 
only just in time to be recorded before the break X.caiue. From 
tlie neult of eight different nieiisiirements of each angle on this 
pUtv wc find tlie folluwiiig relation l*etwecn s and 8: 

B C 

10 25" 33'.25 
20 51° 30'.44 

The angnlar velocity of this plate was (u = 4312.10, an angle 

[ «f SlS'.ieTScorrcsiwnding to 32 waves on the negative. If tlie 

I vdocity is menenred by means of the muzzle and ten foot screens, 

ire have v = lfi87.4 for a point half way l)etween, or five feet 

from the muzzle. If we count from the muzzle to the twenty 

' fool screen, wehavo«= 1674.3 for the velocity at ten feet. The 

Tcloi-ity at fifteen feet may be obt^ned from the ten and twenty 

[,foot acrecns. It ie 1061.5 feet. We may tabntate as follows: 



5 I6S7.4 
10 lfi74.8 
15 1661.5 

K>mB dewly ibowi a docreas«- in the velocity as we recede from 
i raostk, bot tliere is no indication to sliow whetlier the de- 
be^u before or afu^r the projectile passed the five foot 
f SmHc The velocity is also so variable near the muzzle that it 
lb not iu.«riy oornM't to my tliat tlie avera^ velocity between 
1 ten feet is the actual velocity at tivu feet. 
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Negative 19 (Fig. 18). — ^TIiIb same arrangement of circQitB 
was tried again, except that the deyioea to doee the dicoit were 
brought forward and placed nearer to the preceding breaka. 
Arc light was used, and the record gave every point complete at 
intervals of ten feet, except the last one, which was ovljfive feet, 
making in all six points in forty-five feet from the moxzle. The 
results of measurements on this plate are given in the 
table: 



« 


( 


9 


10 


28' 


.098 


20 


66" 


.604 


80 


86» 


.016 


40 


118" 


.446 


45 


127° 


.798 



As the tuning fork record on this plate is not distinct enough ta 
read, we may assume that the muzzle velocity is as measured by 
the Bouleng^ chronograph, viz., 1628.2. The velocitieB are 
given in the following table, each value being calculated from 
the muzzle screen : 

B V 

6 1628.2 

10 1619.4 

16 1614.6 

20 1613.2 

22.5 1611.3 

It may be of interest to note that the radial lines IT^ /, JJ and 
^on this plate show the actual width of the slit used. 

Negative 20 (Fig. 19). — Screens were now placed at inter- 
vals of only live feet, from the muzzle to a distance of 45 
feet, and also the further large ballistic screen was used. This 
negative showed that the make devices were not placed suffi- 
ciently in advance of the succeeding screen, as the record shows 
only a few points, and then the current was made just in time. 
Although the devices were placed immediately after the preced- 
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iiig screen, yet the projectile would reach the nest eereeii Iwfore 
iho current was made. This showed tliat it took about .003 
of a second, or the time it takes tlie projectile to go five feet, 
for tht! springs of tlie make device to come tfigether. This 
time varies with tlie strc^iigth of the springs and the width of the 
tusiilaling wedge. The hght appears again at tlic make after 
the 45 foot screen, and the screen beyond was 118.2 feet from 
tlie tniiz -lo, 80 that its record did not appear before the light 
was cut off by the camera slide at P. Sunlight was used for 
tiiis n^ative. 

Thirty-five waves on the plate correspond to 302°. 10, and the 
angular velocity is therefore a> = 4397.4. The relation between 
tLo Mpttcu and angle ff are given in the following table: 



10 


ie° 3'.5 


IS 


39' r.o 


so 


52° lo'.a 



Tlie velocities calculated from the muzzle screen are; 



6 i08T.5 
7.6 1890.6 
lO.O 1685.8 

This showii tliat there is an increase in the velocity indicating' 
« nuuimum point Boniowherc between five and ton feet, but 
probably nearer five tJian ten. 

Ntyative 23 (Fig. 2U). — The tuning fork record was not 
reeorded upon this plate, so that the exact time of rotation is not 
ktiowii. Tim can, of ciur»e. make no diffurcnce hi the relative 
I Tchidties indicated by tlio relative spacing of the different breaks, 
I iumI can only affect the abgolute velocity, about which we nn^not 
I Do much concerned. The Uouleng^ chronograph also failed to 
I obtain a record of thix shot. A very c1oa> estimate may be made, 
[ buwftver, by uomparing the dark apace (or light space) on tlu» 
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negative witli that on negative 20, since tbe whole time of ex- 
posure of each is alike, S«cli a comparison gives fortlie angular 
velocity of this plate -1421.3. The corresponding values of t 
and fl are shown in the following table. This is the first nega- 
tive obtained in which all the points at five foot intervale up to 
45 feet from the muzzle are recorded. 



5 


13° 


49'.29 


10 


27- 


19'.29 


16 


40'' 


63'. T9 


20 


64° 


36.00 


2£ 


(18° 


24'. 83 


SO 
35 
40 


82° 


2S'.26 


110° 


10'.46 


45 


123° 


60'.88 



i 



The vDlocitio8 found by considering the muzzle Bcreon to be 
the first screen are shown in the following table : 



2.5 


1699.4 


6.0 


1610.8 


7.6 


1621.7 


10.0 


1619.6 


12.5 


1615.6 


16.0 


1608.3 


17.6 





20.0 


1606.3 


22.6 


1606.6 



TMb table is also exhibited graphically in Fig. 31, and shows 
that the velocity suddenly increases within a distance of six or 
eight feet from the muzzle of the gun, and beyond that point 
gradually diminishes. Tlie uneven appearance of the line is due 




4« 

to erton, not bo mach in meaBoring the record on this 'ptala, m 
to tile fact that ths breaks of the circnit did not oocnr at eiaedy 
£ve foot intervals, since the point of the projectile does not stnke 
each screen in ezoctlj the aanie manner. The increaae of the 
velocity after the projectile paasea from the gon is so large, how- 
ever, that it is not hidden hj errors. Every n^ative obtained 
shows aa increase at the beginning of the trajectory. Siiu» the 
velodty does increase for some distance from the mozzle, the 
average as measured from the mnzzle screen most be lees than if 
tiie point from which we measnre were the maiimam ptnnt. 
Let DB therefore nuke a table of velocities, taking the five foot 
aoreen as the first instead of the mnzzle screen. The table of 
velodlies,' calcnlated from the same readinga as before, is aa 
foUowi: 



s.a 


1500.1 


5.0 


lesr.s 


r.6 


1883.0 


10.0 


1626.8 


12.5 


1619.7 


15.0 


1610.5 


ir.5 





20.0 


1606.0 


22.5 


1607.3 



ThiB table is represented graphically by the broken line la- 
belled "mean velocity measured from the five foot point." 
This shows that the actual velocity at the maximum point must 
have been at least 1637.5, and this is considerably more than 
would have been assigned is the calculation had been made from 
the muzzle screen. It would in that case be only 1621.7 feet 
per second. 

Negative SS (Fig. 22). — This negative was taken with sun- 
light, and besides being the last one taken, proved to be tlie best. 
It contwns a record of the projectile at intervals of five feet 
from the mnzzle to a distance of forty-five feet, and includes 
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als4> a screen at a distance of ninety-five feet. At this stage in 
the experiments tlie apparatus was just getting into such shape 
that we could depend upon it to give results every time, when it 
became necessary to stop. Measurements on this plate are 
given in the following table. Each angle is detennined from as 
many as eight measurements, and the mean taken. 



a 


e 


5 


13°. 443 


10 


26°. 525 


15 


39°. 802 


20 


53M23 


25 




30 


79°. 648 


35 


92°. 940 


40 


106°. 361 


45 


11 9°. 827 







95 253^900 
If velocitieB are calculated from the above table, regarding 
the five foot screen as the first each time, we find the following 
table of velocities. Tlie velocity at a distance of seventy feet is 
an exception to the above, the 45 and 95 foot screens being used 
for the 70 foot point. 



« 


V 


2.5 


1635.8 


7.5 


1681.0 


10.0 


1668.6 


12.5 


1662.8 


15.0 




17.5 


1664.8 


20.0 


1663.6 


22.5 


1656.7 


25.0 


1653.7 


60.0 


1646.2 


70.0 


1640.2 




prvipt'ttiondl t.> tin? rim*' roan-i in the taiblt sbove. then we 
mi^ht dml clw veiooitT at anj point bv me^arinjir the tangent 
of the an^ie which a tUj^eat lime makw with the axis of time 

beoanse of the relation •" = -^. In Fig. 24. if the points given 

in the table are located according to the ecale there indicated, 
they will be found to lie very cloeely npon the diagonal line 



A KEW POIAHIZINO PHOTO- CBROSOGRAPB. 



^ :p;|^ |^[|||| || [| ||[ | [ | | || | | ||| || [ ! |i| | ||[ | | | |[ || | | [|| | | | :^ 



60 A HEW POLARIZIISO PUOrOCURO^OGRAPIL 

OA. They do not, however, lie exactly upon it, and all the 
points beyond the first lie to the left of it. If the distances 
of these jwints from the diagonal line are magnified one- 
hundi-edfold (so that two large squares correspond to one ten- 
thousandth instead of one-hundredth of a second) the points will 
be located as they are in the diagram. For example, the point 
opposite forty-five feet lies about two squares to the left of the 
diagonal line, which means that the time in coming to the forty- 
five foot point was one ten-thousandth of a second less than it 
would have been if it were exactly on the diagonal line. A 
curve is drawn passing within the limits of error through all 
these points, in such a manner that the tangent of the angle 
which the tangent line to this curve makes with the time axis 
when properly translated, represents the velocity in the former 
curve. Fig. 23. It is seen that the point of inflection in this 
curve occurs at the position of maximum velocity, and the 
velocity increases up to this point, and then gradually dimin- 
ishes again, avS it is observed that the tangent then decreases. 

The instrnineiit used to inea.sure the angles on the negatives 
is a hirge spectrometer, with a graduated circle reading directly 
to ten minutes of arc, and with tlie verniers to ten seconds. 
The two halves of the negative were fastened down upon a 
piece of plane glass, and the whole laid horizontally on the 
turning table of the spectrometer. The negative was supported 
upon blocks so that the light could be reflected uj) from below, 
and it was centered by means of the circles of reference on each 
plate. The settings were made by the use of a stationary tele- 
scope having cross-hairs. 

Conclusion. 

The foregoing experiments described in detail justify one 
or two conclusions: This chronograph as thus far developed, 
although home made and hastily assembled, has clearly demon- 
strated its important field of usefulness for the accurate measure- 
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inent of small intervftis of time. The record madL' Ijj- a break 
in the current due tu tho ]>n£«Hgc uf the projectile is sharper 
and more defined than wc had anticipatc'd, and this pcnnitfi of 
an nwuracy in reading the record even bejond that attainable 
in measuring the intervals between screens oii the proving- 
grouud. A future working instrument designed upon thia 
fundamental imnciple is capable of endless modification, and 
an instrument proi)eriy designed would Iw as simple in its opera- 
tion as any of the well known chronographs now in use. Tlie 
whole is mani|iidatcd by a single switdj, which fires the gim and 
obtains the record. 

The adaptability of this instrument for obtaining obeerva- 
tions at any number of points of the same trajectory and the 
neomese wliich these points umy have to eairh other, make it 
admirably suited to the study of tlie law of change of velocity 
near the muzzle of the gun, and also to the systematic study of 
the lav of the reebtance of the air to projectiles of various 
funiu; problems which, since the advent of the modem high 
power gan with its realm of velocities nnthonght of in the 
oloasic uxperinientA of Bashforth, are at present of paramount 
importance to the et^ience of ert^n'or baUUfics. 

The principal ballistic resnlt obtained from these experi- 
ments may he said to be the locating of a maximum point in 
the velocity curve outside of the gun. This maximam point 
b, in tlie case of the gnn and conditions of loading deBcri)>ed, 
St ux or Mven fcvt from the muzzle of the gim — certainly 
) than five feet and less than ten — or about 25 calibers 
Id front of tliu muz/.lv. The increaeo in velocity from the 
Lvuzxle to the maximum point is large — more thaii 40 foot- 
TIio muzzle velocity being about 1600 feet, thia in- 
3 iM ahont S.!t% of tlie whole. 

Tho decrease in velocity beyond tlie maximum point is com- 
pantively gradual, obeying the true law of the rvsietance of the 
lir K that th« projectile must travel about a hundred feet be- 
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tone the Ydodty is lednoed to that which it actually had at the 
muzzle. 

This Tnaximnm point introdaces an error in the present 
method of obtaining mnzzle velocities in which the velocity is 
measured at a distance of one hundred to two hundiedfeet, and 
reduced back to the muzzle by formulas. 

The direction of this error is shown in the diagram, Fig. 25. 
Supposing that the heavy line represents the true velocity curve, 
the part bejond the maximum point M would follow the law 
of the resistance of the air, and by reducing back by formula 
the law of air resistance is assumed to be continuous to the 
muzzle. This would extend the velocity curve corresponding 
to formula back of the maximum point, as indicated by the 
dotted line, to A. The diagram measures velocities from a 




t^uzzZe distanrA 



Fig. 25. 

horizontal axis much below the axis represented, the increment 
of velocity above the actual muzzle velocity alone being repre- 
sented. The diagram shows that the computed velocity for the 
muzzle is greater than the actual muzzle velocity by an amount 
OA^ and also greater than the nuiximum velocity acttuiUy at- 
tained by the prcjectile at M by the amount AB, 

The determination of the law of development of velocity 
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inside the bore of a gun has been the enbjeet of iovestigation by 
two general methods. The first is that originally employed in 
1760 by Chevalier D'Arcy, and mixntXy in Paris by Mr. L. 
V. Bcuet, an account of whose experiinente is given in tlie 
Journal of the United Stakg Artillery * Sneceseive lengths 
are cnt from the chase of the gun and the velocities measured 
for each artificial muzzle. The second method consbts in pierc- 
ing the chase at intervals and observing tlie velocities with a 
chroQOBcope such as Noble's. It need not be stated that any 
method wliich would permit reliable interior velocity curves being 
taken without the mutilatiuu of the gun must surely be a dis- 
tinct advance. Upon tlje data which such curves would furnish 
t not only the (juestiuns of gun construction, but also the 
I'Mad/ Btudy of new powders and their adaptability to existing 
«rdiuuice. 

A few preliminary experiments were tried with a view of 
detenuining the value of tliia instrument for the measurement 
of velocities inside tlie l>ore, but any mention of them is with- 
held until furtlier experiments can lie made. The time at oar 
disposal was so limited and so many difiiculties had to be over- 

B on account of the most inclement whiter weather, and the 
rity of improvising all apparatus on the ground, that it 

[ decided to devote all disposable time to problems outside 
tlte bore. 



"VoL I.K0. i—A Uudy ef At^aeU of tmokMM* potoiar in a ST-mm. jrun- 



EXPERIMENTAL DETERMINATION OF THE MO- 
TION OF PROJECTILES INSIDE THE BORE 
OF A GUN WITH THE POLARIZING PHOTO* 
CHRONOGRAPH. 



preyioi 



perimonto with the Polarizing Photo-chronograph applied to* 
tho incagarement of the velocity of projectiles ontdde the bore 
of a U. 8. 3". 2 breech loading field rifle. The results of these 
experiments being snbmitted to the Board of Ordnance and 
FortiHcation, a chronograph built upon this principle, making 
UHc of polarize<l liglit, was authorized, and the construction of 
the wime intnisted to our aire. 

SiiK.'c the original experiments were more of the nature of 
a laboratory investigation than suited to the practical needs of 
the military service, it became our first purpose to perfect the 
detiiils of the instniment by further experimentation, in order 
to avoid hastily aH8eml)ling for the Government an instrument 
which, when completed, would manifestly be capable of great 
improvements. Accordingly the experiments to be described 
below were carried out at the U. S. Artillery School during the 
month of August, 1895. 

The immediate objects of these experiments were twofold. 
First, to perfect a practical chronograph upon this principle, 
suited to the needs of the military service ; and second, to deter- 
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mine Uie HiJaptabillty of this iQEtniment to the Etndy of the 
motion of projectiles inside tlie bore of a guD. 

Tiiere was, at tlio outset, no reaeoii to doubt that this chrono- I 
graph coald be eiuploycd, as Noble's or SchuJtz's chronoscopea i 
formurlj liave l>eeu, to determine interior velocities in cases 
where the gun might be mutilated by piercing holes along the 
hore at intervals, and inserting electric circuits to be interrupted 
by the projectile as it passes. Yet the usefulness of sneh a 
method is so iiisigniticant compared with any plan which would 
enable interior velocities to be measured at any lime, and in any 
gun, with almost as great ease as exterior velocities may now be 
obtained, that it became our piir]X)Be to search for such a metliod. 
Aithougii the time a« yet available for this work lias been very 
limited, and the constant pressure of other duties prevented 
anything but a BU|H.'rticial examination of results, yet it is 
tliouglit that safficient success has tieeu attained to warrant this 
early presentation of an account of the experiments thus far con- 
dncted. The oliscrvations themselves which are presented are 
^ Mcondary importance compared with the metliod outlined, 

S they may easily be confirmed or disproved by future trials. 

A superficial study of the history of interior ballistics cannot 
fan to convey tJio impression tliat tlie whole number of experi- 
ments giving reliable data is very small indeed, and those which 
fire the most reliable have been worked over and over agniii, 
involving much labor which might profitably have been directed 
toward obtaining new exjM?rimental evidence. The elaborate 
prt^parations and great expense hitherto involved in carrying out 
Hucli experhnents have confined them to select onlnance com- 
mittou iMcked by governmental aid. and are in a great measure 
reaiionsihle for tlie meager experimental data available. 

In pnxenting the reenlts of any physicid experiments it is 
dcemeil of first imjMtrtancc to insist uj>on having tlie orlyinat 
obt^mUi'otui given independent of any derived results, no matter 
how elementary tlio process of derivation. Unfortunately this 
principle has not been observed in many of the memoirs upon 
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which wo must depend ; and, fnrthermore, the omifision to Btate 
oxaotlv from wliat experiment^ or set of experiments, certain 
ineasiiTViuont8 are derived greatly depreciates their valne. In 
d^vidiufT uiHm a method of presentation of the results of this 
w\trk« wo weiv cinifronted at the outset with the generally ac- 
ivptinl t)K\^rie8 fn^m which our superficial observations indicated 
MMuo radical doi^arturtv, and we had on this account some hesi- 
tancy in making any piv^entation at present, until further ex- 
)K'rimont)» cimld U^ conducted. It was our desire to test the 
woll known fonuulte which are ordinarily applied; but since 
no formula in u^e was found to represent the experiments, and 
tiuHH^ available wen^ dt*rimt formulie expressing the relation 
iH^twtHni the tmvel and wlocity or pressure but not between the 
travel and the tiuus which the oliscrvations tliemselves give, it 
was ddnikni to give the resulted of measurements for each sliot 
w^|Hiratcly« as a physical ex|H>riment independent of any previous 
theory, 

I/t^toticaf Skti<*h. 

Two piMionil physical luotlunls have Ihhmi employed in experi- 
iiu'ntallv ilolorminiuij tho pri»ssui\»s i1ovo1o|hh1 in the bore of a 
gun, vi/.., tho Stalioal and tho Ihiiaiuioal method. In the 
formor olas.s oomo the oarly oxiHM*iinonts of (\mnt Rumford in 
lTl>*J, (irnoral luHlman's cutter irjiuire and that of Colonel 
Uehatius, »nul NohleV crusher ap|>jinUus. In each of these 
cancH the force which holds the powder gas in equilibrium is 
n^cordtvl ant! nieasuivd. The dynamical method of experiment- 
intr consists in invest igatintr the motion of some body connected 
wiih the ^un system so as to l>o under the influence of the ex- 
pansive foH'c of the powder *ras, and, fnmi the circumstances of 
this motion, to pass hv calculation from known laws of dynamics 
to the pn»ssures re^iuirtHl to produce such motion. In the appli- 
cation of this method we And that study has been made of the 
motion of pistons, bullets, etc., caused to move by the products 
of decomposition, in a direction perpendicular to the axis of the 
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I Itore ; of tJie motioQ of tlic gun itself dnring recoil ; and fiually 
1 by iiiveetigating the raotion of the projectile diiriuf; its j>H£eage 
I tlirough tlie bore. In 1845 General Cavalli applied at various 
I distances from tlie Imttom of the bore of a 12-i>ouiider smooth 
[•V'rc field gnu a series of small musket barrels of wronglit iron 
I Arniiiged to tlirow splierieal bnltete under ihe ftctioii of tlic pow- 
P^ur gases against a balliiitic pendulum placed outside the gun, 
) by which the initial velocities of the bullets were measured. 

It was assumed that the quantity of motion communicated to 

the hulleta at tlie different points along the bore ii; a measure of 

the force of the powder gases at the correB])ontIing sections of 

the walla of the gun. 

An improvement upon this method was that ado])tcd by 
■the PmaHian Artillery Committee in experiments conducted in 
T185-4.* In thiiw experiments a short gun barrel was screwed 
^ into the wall of Ihe gun opposite the center of tlie powder 
I 'Chamlier, and cylinders of varying mass ejected from it by the 
\ action of the powder gases. By thus varying the mass of the 
l|>i«tons it wa» possible to vary the time of the action of tlie gaaee 

vjNin them, and from ft knowledge of the velocity of projection 
1*^ the cylinders hh before, the pressures could be deducefl, not 
wly for the chuiutxT itsn-lf, but also at different points along the 
ll>Dn}. la this same elasa are included the experiments in France 
■irith the accelerometer and the accelerogra|)h of Marcel- Deprez, 
1 which, a« before, the powder gases actuate a jiiston which m 
e to inovo a known weight a certain registered height along 
fm cpindie, from which tlie velocity of the piston can lie calcti- 
I hted, thus avoiding the great praetical inconvenience of an ex- 
I tenor apparatus, which miiHt remain properly plaec<l during the 
I Rcoi] of tlie gun, for measuring the velocity of the piston. 

Ity knowing the spaces passed over by the gun in the direc- 
I tioTi of the axis of the bore, it is possible to deduce the law of 

* An-iil* fQr dio OIBElcre der Eocoiglich PreuMiiclieii Arltllerle und 
I ]ageiii«ur Curi». 

Rrme Jc Tn:liai)I<)glc Milltnire. 
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change at pnssire afginA the boUooi of tbe bore. Gaieral 
Bodmao was tbe first to MmstriHi s remil relociiDeler. The 
French Marine Anillery une tbe Seliert relociineter, wliich con- 
■Uto eaefsitiallv of a riLnting fork beld in position, and de^rib- 
tog tbe lav of e^ncee npon a bkcliened etee) ribbon vhich moves 
with the gun. 

In all the djnanucal methods thus briefir mentioDed, besides 
being dejiendeDt in each ca^ npon ceruia arbitrarr afisiimp- 
tiuoe a& to the nature of tbe action of the ^ees opon the pifiton 
or otlier bodv aa compared with its action npon the baiie of the 
projectile itself, thej are open to the geneml phvsical objection 
that tlie desired data are derived and not directljr obeercetl. 

lu other words, a fnndameutat rale of phyeJcaJ investigation 
requires the experimenter to direct his energr npoa the stndy of 
tlie thing iteelf, when pogfihie, in preference to obeen'ing other 
phenomena connected thereto and obtaining the desired result 
by processes of derivation. This fact of itself especially com- 
mends all dynamical methods which are directed to the observa- 
ti<jn of tlic law of iiiutlon of the projectile in preference to any 
auxiliary body, for we may bo sore that the more complete onr ' 
knowledge of the motioD of a projectile dnring its passage 
through the bore, the more nearly can we approximate to the 
true law of change of pressure upon ita base and the walls of 
the chase adjacent thereto. 

In 1760 Chevalier D'Arcy calculated the pressure of the 
powder gases at different sections of a musket barrel by succea- 
sively shortening the length of the bp.rrel and measuring the 
initial velocity corresponding to each length. This same method 
has been sncceesfully tried by several experimentcra in recent 
years, notably the excellent experiments of Mr. L, V. Benet of 
the Hotehkiss Ordnance Co., Paris. The registering projec- 
tiles of Colonel Sebert for largo calibers also represent one 
method of attacking the problem in a general way. 

Anotlicr method lias for its basb the determination of tbe 
times required for the projectile to pass over known distances 
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f along the bore. The esperiuients conducted iipou tLit principle 
have employeti clironograplis specially coDstructed for the pur- 
pose, and have openttod by CHu^ing a record of the instant tlie 
projectile reaches certain points along the bore to be secured by 
. the projectile interrupting an electrical circuit at each of the 
] pn'(>are<i points. Notaliiy among these ox])eriinents have been 
i tlie claiiatc work of Noble and Able employing the Nohle Chro- 
! iiuecopu ; the experinieiita carried out by General Mayevski hi 
[ 18tiT at the Krupp factory in Vleeen ; and the variations of the 
I mothod employed in France using the Sclmltz Chronoscope. 
I Various attempts* have been made by the French Marine 

' Artilli-ry to record the passage of a projectile through tlie bore 
without mutilating the gun. In 1876 a method was tried in 
whicli a wooden rod of sufticient length to extend beyond tlie 
muzzle was atta<;hed to the projectile. On its extremity was 
fixed normally a sheet iron disk, which, in the movement of the 
prujeclile, encountered successively interrupters placed on a 
. strong wooden rule jtarallel to the axis of the gun, in front of 
the mti£zle, and fastened to the chase of the piece by strong 
Iron collars. The distances were moiisured along the rule and 
the times by a chronograph. This arrangement, which might 
answer for a gun of small length and a low velocity, failed 
with high velocity and a rilled gun. A better method has been 
found in the employment of interrupters glued in the bure, pro- 
poMHl by Mr. Letard. These interrupters, which may l>e placed 
io the bore to the number of five or six, are secured one after 
Another by moans of common resin. They are set in position 
by an expansion rammer with a movable wedge similar to thosc^ 
' OMil for taking impressions of the bore with giilta i>ercha. The 
■ tnsnlated conducting wires attached to each interrupter pass out 
tlie muzzle lo the chronoi^pli. The devices being in place, 
jir [MMtions are determined by a measuring rule mserted at 



* ExtralU du Memorial de I'ArtlllFrie de la Harioe. 
D. 8. Onliiance Noira No. 813, b; n. Sebert. 
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the muzzle. A diflBcDhr experienced in thk method was that 
the first intermpters and wires in being ejected were liable to 
strike the succeeding ones before the aniTal of the projectilei 
and thus give a false signaL 

The Imfeoted Isfstrumest. 

In the preTious paper a full description of the instrumentB 
used was given. Manj important improyements, however, 
in details which add to the effidencj of the instrument, 
were developed during the progress of these experiments, 
although no change was made in anj essential principle. 
The month of Julj was devoted to various neceseaiy prepara- 
tions to facilitate experimenting, which proved a great saving 
of time in the end, such as installing a suitable storage battery, 
constructing a universal mercury switch board, testing di£Eierent 
carbon bisulphide tubes, perfecting tuning fork records, securing 
and testing a good projection lamp, etc. One of J. B. Colt's 
projection arc lamps was tried in the hope that a light might be 
found which wonld not show such variable illumination when 
subjected to the instantaueous test as those formerly used had 
done. The illuuiination obtained even ^vith such a sensitive test 
as was applied remained j)erfectly steady, and compared favor- 
ably with sunli«j:ht, as a reference to any of the records will 
show. Having obtained a perfectly satisfactory source of arti- 
ficial light energized by a storage l)attery, the great advantage 
over sunlight, in being always ready, need hardly be mentioned. 
Naturally the subject of sizes and forms of glass tubes for the 
carbon bisulphide, and the manner of obtaining the requisite 
ampere turns, were matters of early consideration, and several 
tubes were obtained for test. It was found that, by introducing 
a condensing lens immediately in front of the arc, a greater 
intensity of light was obtained upon the plate than formerly. 

One of the most unsatisfactory features of the original instru- 
ment was the small amplitude of the waves of the tuning fork, 
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i epedal attention was given to improping this. The diagram 
. 26) shows the principle of an improved uiethod of obtain- 




FiG- 88. 
I fork record, wliidi gave beautiful reeults and greatly 
KHHued the poeeiUe accuracy of sufh records. While the 
of optically magnifying the ampHtudo of the waves had 
kdy been succeegfully aceompliBlied liy ns, yet the idea of 
hrther increasing the accuracy of such records had been beau- 
"tifnlly carried out by Lieutenant B. W. Duuu, Ordnance 
De[iartinent, U, S, A,, in some experiment* which iiave unfor- 
tunately not yet been publiahed,* The same arc lamp was 
uBcd for botli the clironograph and tuning fork records. A 
plane mirror M reflected the light tlirongh a condensing lens Z 
upon a tliin piece of aluminium foil glued to one prong of the 
fork F. In this foil was a smooth round hole about one millim- 
eter ill diameter. A lens IJ focused this brightly illuminated 
hole as an object upon the sensitive plate, and at the same time 
magnified it to about six miUimcters. The fork was excited by 
drawing a wedge from between the prongs in preference to 
■lynng any electrical method, as this was found to be coDvenicnt 
i Matiiifactory. 
"When one prong of a fork is allowed to cast \\s shadow 
^>agh a narrow silt upon a moving plate, the result is that a 
igle BinuMfidal line divides the region of light from the shadow 
I tlie fork. At the eume time the other etige of the fork gives 

'TbcBOOOunlof tbeac experlmenU, nhich bas been published alnce IhU 
paprr «u written, nuy be found In Notes on the Construcilon ut OnlnuiCA, 
Jlo. 71. slw Jounifti of (lie U. S. Arliller;. Jao.-Keb , 1807. 
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onotiier similar einusoidal curve whicli is ordinarily separated 
from the flrst curve so as not to interfere. By having two slits 
near together, one above another, a second shadow would fall 
on the plflte having an exactly eimilar wave for its boundary, 
but it would lag beliind tlie first wave by an amount depending 
u]ioii the speed of the plate and the distance between the 
Hlit«. This would therefore interseet the first wave at regular 
iiitervala of a wave length, and by the points of intersectittn 
Diako it possible to measure witli great aecnracy the value of a 
wave length. Instead of liaving two slits, the same object wh8 
attained by allowing the illuminated image of the magnified hole 
in the piece of aluminium attaclied to the fork to fall upon the 
plate. Those jiarts of the image wliich fell somewhat behind 
the rest gave waves difiering in pliase with the other part, so 
that results like those exiiibited in Figs. S7, 28, and 29 were 
obtained. It is notic-ed that a cone of darkness intersects a cone 
of light, tlie dark region having had no exposure, and tlie hght 
cone, so to speak, a doulde exposure. The fine circular lines 
seen arc shadows cast by orflinary hairs fastened across the slit. 
They serve merely as leference circles by whicli the center of 
revolution may be accurately found. To allow the whole area 
of the magnified image of the illuminated hole to fall upon the 
plat«, a square hole of suitable size was cut through the jaws 
of the camera slit opposite the point where the tuning fork 
record was to fall. 



Method op Experimentino. 

After considering a number of different ways to measure in- 
terior velocities without mutilating the gun, that seemed to be 
the more promising, with tlie instruments in hand, which had 
for its fundamental idea the extension of the projectile forwards 
in the bore by some rigid body attached thereto, and measuring 
the motion of this prolongation, assuming tliat it is the same as 
that of the projectile. The first trial of this kind was made on 
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■August 3, 1805, and proved to be iinsucceBeful. A wooden 
■ TBCtangalHr rut), tapering towards tlie muzzle, wae pivoted hj a 
IbrAi^ c^p 'tn its Ijase upnii tlie [>oint of the projectile, and it waa 
Bvtpec'ted that the projectile would turn in tlie rifling without 
■tDrning the nwi, which was guided hetween two vertical supports 
liiutened to the mazzle. Two long pieces of spring steel -were 
Efinnly fastened to a wooden collar upon the muzzle. The ends 
; thcBc were bent inwards to hear upon opposite sides of the 
I ftbont a foot io front of llie muzzle. Stripe of thin copper 
were fastened along the narrow edges of tlie rod at doterniined 
intenals on opposite sides, and electrically connected together 
in pairs. Id position licfore tiring tlie current ia made, and 
paseud from one spring tlirough the first pair of copper strips on 
the rod to the second spring. When the projectile moves for- 
ward the springs first pass off from the copper upon the wood 
and break the circuit, and then on to tlic next copper strips, 
reeturing the circuit again, and eo on. The intervals along the 
rod between breaks are measured, and the times between the 
corresponding bn;aks ascertained by the chronograph. In the 
trial witli this device the record of tlie lirst break was observed, 
but no BQCceeding make or break was recorded. Among other 
caa#es tlie chief difficulty seemed to be due to the blast pre- 
ceding the projectile, which raised tlie brushes off from the rod 
not to retnrn again, though the springs were f^rly strong. 

The next attempt, on August Tth, was a device designed to 

niilize the blast, and make it aid rather tlian prevent the contact 

of the brushes upon the rod. A view of this arrangement just 

before firing is given in Fig. 30. The rod in this case was made 

H cylindrical and rigidly attached to a shrapnel projectile by 

^Mdcing out the fuse and screwing in the rod up to a shoulder. 

^HtB total length was about seven feet, and its diameter an inch 

^niul a quarter. The copper strips in this case were wrapped 

^^nand the rod and sunk into the wood flush with the sur- 

^^nev. The interval from first to second break was 35.0 cms., 

snd from second to third 106.5 cms. The bruahes were made 
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of sheet steel bent to a V shape and ecrewed to brass rods, at A 
and B in the figure, which served aa liingcB. Tlie blast in prese- 
ing against the brushes encounters two surfaces on each brush 
inclined at such angles that the nioinentfi of rotation about this 
hinge oppose eaeh otlier ; but tlie outside surface of each briisli 
was longer than the inside, as shown, to make the resultant 
moment cause the brushes to press agaiuet the rod instead of 
separate from it, Tho record of two points at and 35.6 ema. 
given by tliie apparatus was the first obtained in interior veloci- 
ties, but the last and only other point prepared did not appear 
on tlie chronograph record. 

Weightofshrapnel projectile prepared to receive 

the wooden rod 12 lbs, 4 oz, 

TTeight of wooden rod 1 lb. 14 oz. 

Total 14 11)8. 3 oz. 

Weight of charge (without sack) .... 3 lbs. 12| oz. 

The result of this shot seemed to show that tlie ditBculty ex- 
perienced was in keeping two brushes in coutiiiuoiis electrical 
connection with the rod as it passed out. The centrifugal force 
due to the rifling also has a tendency to cause the rod to be dis- 
placed from the brushes. The rod being worked by hand was 
consequently not an accurate cylinder, and the inequalities due 
to this cause became greatly magnified with such high velocities. 
By the preceding experiments it appeared necessary to have an 
accurately round rod and a single brush if possible. 

Electrical Contact hehoeen G%m and Projectile. 

The plan of using a single brusli became more and more at- 
tractive, and a solution of the problem depended upon whetlier 
the projectile in passing out of tlie bore maintained throughcjt 
nninterrupted electrical contact with the gun itself. Accord- 
ingly the next step was an experiment to determine this question,. 



>^ 
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On tlie afternoon of the same day, Auguet Tth, this experiment 
was carried out, and indicated that eucli an electrical connection 
M maintained during the patsage of the projectile tlirough the 
lH>re. A ehrapnel fihell waa fitted with a ronnd ^-inch thick 
bnisB dink of slightly lees diameter tlian the bore, placed upon 
the flat nose of the projectile and secnred by screwing in the 
fuse. An insulated wire wau attached to tlie nose of the pro- 
jectile and passed out at the muzzle. The object of the flat 
disk was to prevent the projectile from running over the wire 
and prematurely cutting it before the projectile left the muzzle. 
TIio rifling of the gun was very thoronghly waslietl with water, 
ani] the projectile polished in a lathe until it wiis bright. The 
two line wiroe from the chronograph were joined respectively to 
the projectile and gnn. To secare contact with the gun the 
rear sight seat was removed and ItB screw served as a binding- 
post, A make device described in the previous paper was 
placed at a determined distance in front of the muzzle, and the 
tcrmiuiils of the chronograph also extended to it. The object 
of this additional circuit was to determine where the interrup- 
tion of tlie current by the projectile in ite passage occurred — 
whether near the seat or near the nmzzle. This may be done 
by cetitnatiag the time between the break and the succeeding 
make on the negative, and noting the corresponding distance on 
the trajectory. This coraparifion indicated tliat the break oc- 
convd near the mozzle, and metallic contact ie maintained, 



A Singts Ring Brush. 

The poeeibility of utilizing a single ring brush according to 
tbo plan conceived seemed now established. This plan involved 
makitig Oie gun itscdf one terminal of the chronograph circuit, 
thn« utilizing the connection iK-tween projectile and gim as one 
of the bmshw. From tlie projectile the current passed along a 
wire, imltedded in the wooden rod and connected with all of tlio 
f»ppcr hand», to the single brush at tlie muzzle which formed 
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the titber teriainal of tlie chronograph. Asa single brusli could 
now be used, the advantages of oue in the form of a ruig en- 
tii-ely encircling the rod were at once apparent, for, no matter 
whieb waj the centrij>etal force urges the rod, a good contact 
n-itlithe ring is always assured, and, furthermore, the same ring 
iiitiy eerve as a guide for the rod in its passage out of tlie bore. 

The Accurate Cylindrical Rod: 

Attention was next directed toward obtaining a perfectly tme 
round rod. The necessity of this requirement may not appear 
80 serious at first thought, but keeping in mind the high velocity 
of the moving rod, the case may be likened with advantage to 
that of a railrotid train moWng at the rate of a mile a minute 
upon a poorly ballasted track, compared with the smooth gliding 
of a train at the same speed on a good road-bed. The question 
of the most suitable material for a rod was considered. The 
great mass of a metal rod of suitable size and length, and the 
difficulty of preparing insulating bands ujkhi it, pointed to the 
use of wood as Uie preferalile mateiial, and fiiiallj a line piece 
of light white pine was chosen as the kind of wood to be used. 
The great length of this rod, which was only If inches in diam- 
eter, made it impossible to turn it when supported in the lathe 
by its extremities alone. An attempt to place a third support 
in the center caused much annoyance by chattering when run at 
a sufficiently high speed. Finally, a special tool was made which 
would support the rod and at the same time cut it to a true 
cylindrical shape. An iron collar with a hole just equal to the 
diameter of the desired rod was supported from the tool rest, 
and a specially made knife screwed upon this collar with its cut- 
ting edge turned so as to cut the wood in front of the collar as 
it advanced, down to a size which would just fit the hole. As 
the tool advanced the rod was polished by the friction in tliis 
collar, which left a perfectly smooth and accurately finished rod. 
Notches were then cut at the desired intervals to acconunodate 
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F tbe copper bands, which lunet be flash with the surface of the 
rod, by fiimplj lowering the knife and running llie tool in the 
o{)po6ite direction along the rod. Tliie wae done so tliRt tlie tool 
would Dvver cume upon a smaller portion of the rod, since it 

k:Rerved for a Bnpport. 

Copper Conduciort add*d to the Jtod. 

When the rod was turned a groove was cut along its entire 

il to accouiinodatc a copper wire to be buried in it. Thin 

"t ttripe ^ inch thick were cut to the deeired lengths, and 

ide just long enough to completely encircle the rod with- 

OBt overlapping. These strips were first rounded between rollers, 

then wrapped around the rod ajid drawn very tight and close by 

winding a leatlier strap around it and drawing taut. Elach edge 

I was ilien tiecured by driving small brads closely along its length 

IneMr llu- seam. The imbedded wire was next soldered to each 

Iftrip of «)pper to secure goixi contact, IJetween the copper 

I bands, in addition to the wire being sunk beneath the surface 

I of tlic wood, further guard against metallic contact with the 

I bmsh as it passed through was afforded by filling the groove 

flnHli to the surface with sealing wax. The rod was next re- 

L placed in the Uthe and {wlishcd to an accurate, smooth surface. 

I A view of the rod prejmred for nse is shown in Fig. .31. The 

l-riirBpnel was I)ored out from tlie front to the base part with an 

bch drill to compensate for the additional mass of tlie rod, and 

■S wooden plug driven in to give a firm bearing surface for the 

c of the hallistic rod. A collar was turned upon the noee of 

the Elirapncl to roceive the ballistic rod, which was firmly screwed 

1 position. The wire imbedded in the ro<l was securely fastened 

> tlie projectile. At first this contact was secured by simply 

:f wing down tlie rod, thus pressing the wire ujKin the shoulder. 

Liter, when ttie supply of unloaded shrapnel was exhausted, 

■nd it became necessary to use common shell, this method of 

I ncuring contact was no longer reliable, a^ there were no screw 




thb i,\mml ti mmamjea^ matmt,^m totmi Oimij 

iHdc^ VM M gnd M aam^ Mfodiaj A^pnd ficr tbe purpose. 
After taA ni vd jk o jkOb wen p^Mvd tbej wen cmrefnl^ 
faaCed &r good d e mka l rmtw^i, abae Ty^'-~w pio¥«d llut 
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M^eet of Ada fveeadiaB wndd ban kit HBcfc tBOh 



B7' any "djnunieal meUiod " die obaervatiooB ^ve pcnnte 
along ft space time carve. Since the nnmba of these points is 
necewarily limited, their ralne greatlr depends apon their pod- 
tion along the corre. The ideal podtioos of theee points wonld 
seem to l*e at r^^nlar intervals along the arc of the curve itself. 
Tlie form of the space time cnrve is known to be snch tliat ob- 
servatians at eqaal time intervals more nearly conform to the 
ideal than at equal space intervals. Tliis also has the practical 
advant^^ of using the chronc^^raph itself nnder the most &ror> 
able conditions. The copper bands should therefore be of vary- 
ing lengtha, the shortest being at the point of the rod. Accord- 
ingly, for a first trial these lengths were approximated in a 
roiigli way by simply taking the space time curve to be a parabola, 
and tlie nearness of the approximation may be seen by the loca- 
tion of the observed points on the space time diagrams given 
witli each Rhot, Each negative was examined before the inter- 
vals on tlio rod for the succeeding shot were determined. 
Naturally the first attempts had only a few long intervals along 
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I -fte rod, and these were made sliorter and shorter in succeeding 
I «b«>ts to deteriiime how near togetlier the records might be easily 
l«btained. Beeidee tins, aDot)ior idea kept iu view in designing 
I rods was to cause the observations of succeeding sliots to fall 
I intermediately between tlioee of previous shola, so that the 
I nauiher of points would be greatly increafied along a resultant 
MTVe reduced from all the shoti;. The intervals along the 
I rods were carefully measured with a steel millimeter 
i^ Mlimating to tenths of a niilliiiictcr. 



n^ 



' Spuler lii/iff Brush.''^ 



\ siiigle ring brush being possible, a new device for snp- 

{ it at the muzzle was constructed. A view of this device 

1 in Fig. 33. AA is the wooden collar turned to fit 

Sio front of the chase, and prevented fn^m displacement for- 

■irard during discharge hy the sivclt of the nmzzle of the gun. 

\£H are circular iron straps cajmble of adjustment, for securely 

IlloldiRg the collar in position. The wooden collar was slit into 

K Jour i-(|uul sectors, and tlie hard steel pieces GC, DD, extending 

' length of the collar, were securely screwed, one to each 

Ktor, to facilitate taking apart and assembling tlie support. 

Die entire collar and steel strijM were insulated from the gun by 

^e iiwulating wood of the collar itself, and by wrapping tough 

Ipaper upon the gun and assembling the collar over it. EE, FF 

J four other iron strips bolted to the former pieces as shown, 

md capable of adjustment along radii by means of slots for the 

jcuring Iwlls, These radial piece* served as immediate aup- 

(orJrt for the ring brush, which was grasped by four half circn- 

r hoU-« in the inner edges of tlie radial strips. The form of 

die hruali first used was an iron ring slightly larger than the 

hpt expcrienco finally led to the "spider ring hruah," 

lown iit the figure. Tliis is made of ^ indi brass rod bent 

bto a circle of 1} inches internal diameter. Into this ring 

-. driven spring brase wiree ^ inch in diameter, projecting 
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j foch in front of the ring and iQcIined at an angle inwards eo 
88 to presi agaiufit the rod. These spring wires were added to 
inEorc a cuDtinoung connection with the rod, and caoee the 
brMks in parsing from copper to wood to be aniform and defi- 
nite for eacli of the strips, since eorae of the spring wires are iD 
contact &t all times. One of the greatest advantitges of this 
ring brush with its fonr radial supports is that it offers a veij 
small gurfacf: to the action of the blast. A front view of the 
mnzzle device witli siwple rin^ brash is shown in Fig. 33. 

Pieeea of the Rod Recovered. 

It was naturally a point of great interest to know exactly^ 
bow the rod behaved iu paging out through the ring, indepeud- 
BDt of the chronograph record, which never gai'e a complete 
record throughout the whole length of the bore. The gun was 
pointed out to sea, and at the instant of firing nothing unusnal 
could Tie observed, but an instant later the front jiart of the rod 
could bu n(.-en flouting in the water abnut oHii yartts distant. 
Thio part of the rod was recovered after eath shot. The rods- 
thus obtained were all of about the same lengtli, and the frac- 
tured end showed in each case a similar cross break. The 
scratches along the copper strips made by the small spring wires 
of the ring brush were clearly visible, and also showed tlie 
rotational effect due to the riiling. Complete contact across 
each copper strip by some one of the spring wires of the brush 
could be traced. This corresponded to the record of the 
chronograph, and the break in the rod limited the extent of the 
observations to about 80 ems. along the rod, which corresponds 
to the first 80 cms,, or about 2.62 feet, of the travel of tlie 
projectile. None of these pieces recovered showed any increase 
of blackening from the blast, but they certainly would have 
done BO if such had been the case, for the polished surface of 
the copper was very susceptible to discoloration when even 
temporarily placed in a gun recently fired and ordinarily cleaned. 
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Though the break in the wood prevented records l>eing ob- 
tained thrunghout the entire length of the bore, yet the points 
obtiutied thus far hy this method extend about half the travel of 
the projectile. Fortunately, observfttions in the first half of the 
tr&Tel are most desired, as here occurs the point of uiaxiiiium 
pressure and the greatest variations of all kinds. Moreover, this 
part of the curve needs more study than the other part, since 
tlie errons of olwervation are greater, and a lee* number of 
aceurate ei[>eriments are known for this portion. 

The ground immediately in front of the gun was carefully 
examined after each shot, and narrow furrows along tiie trajec- 
tory cut in the turf were often discovered. Besides this, small 
•plinters of tlie rod and portions of copper strips were picked up. 

Brtiss holts were employed to fasten the radial strips (£"£* 
•nd FF, Fig. 32) whicii support the ring brusli to the longitu- 
dinal stwl strips, so that, by the shearing of these brass bolts as 
the pnijectile passed out, the ring and radial strips alone were 
carried ainiy at each shot. This greatly reduced the labor in 
the prcpanition of eiu.-h shot, for the entire muzzle collar and 
tUfe\ stri])s were unliarmed, and were used throughout tlie experi- 
ments. The only parta of the muzele apparatus destroyed with 
ih fhot were the ring, the four iron radial strijis, and the brass 
biiltB, and these could be prepared in qnantity and ready for 
IM. Since in these experiments it was necessary to examine 
the prcvions shot before deciding upon the s[>acing of the copper 
■tn|M for the next shot, this delayed the workman somewhat ; 
biiweTer, nm it was, with a single mechanic, working an ordinary 
day. A apeed of one shot per day was attained for two euccessive 
weeks. 

Tlw gun was nniformly fired at a quadrant elevation of 3", 
aixl the muzzle preponderance caueeti by the weight of the chose- 
ilUr and bmshes was eounterl>alHnccd by wrajiping the pro- 
over the brtieeh and underneath the trail, thus preventing 

depmuoo of Uie muzzle and inauring the given elevation. 
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BeHABES ok OBSEBVATlOHfi. 

It is an advantage to have observations given in a graphical 
as well as tabular form, and accordingly they are presented by 
points indicated by crosses through which broken dotted lines 
are drawn. The importance of tlie graphical method of viewing 
problems of this character, exhibiting to the eye the fundamental 
relations which connect tlie different equations together, and 
making it possible to pass from one curve, which is the geomet- 
rical equivalent of an equation, to another in cases where the 
equations may be either unknown or very complicated, ao that 
tlie equivalent process of algebraic elimination is impracticable, 
it seems has not been sutficiently emphasized, and for this reason 
it is thought the elementary character of the following explana- 
tions will be acceptable : 

Without any special reference to ballistics, let us consider 
the abstract problem of the motion of a point along any line in 
space. Referring to Fig. 34, let the position of this moving 
point at any time be represented by the curve ABO. Time t is 
measured along tlie horizontal and the distance 8 from the origin 
along tlie vertical axis. Tbus a point C upon the curve means 
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' jecond, when it comes to rest, and then reverses its direction, 

arriving at the ori^ again after une second. Tlie motion ia 

then in the opposite or negative direction from tlie origin, and 

so continuee till it comes again to rest after 1.57T seconds. 

F It then returns lo the origin and arrives there again after two 

I AtKronds, and tbereafter continues to depart from the origin in 

I tlie ]»ositive direction. TLis is known as the space time curve. 

I The velocity witli which the point moves is algebraically rep- 

1 tceeuted by the first derivative of a with respect to t. 



dt ' 



: 3i* — 6/ + 2. 



(2) 



But graphically the derivative is represented by the tangent 

I 4>f the angle whicii a line drawn tangent to the space time curve 

St any point makes with the time axis. Such a tangent is 

dran-u at B, and its value is seen to Iw + 3.* At this point 

ui ordinate is drawn e<iual to-f* ^i ^'id this gives one [xtint on 

tlie velocity time curve, as the jwint B. Any number of points 

I «on)d be similarly found and a continuous curve drawn through 

I lliem. This curve thus graphically determined is the same as a 

I «nrve representing equation (2), and in this case is seen to 1)e 

I a paraWIa. To interpret curve II physically, beginning with 

1 the point K, it is seen that the velocity of the point jnst starting 

Y inui tlie origin is equal to 2 and in a positive direction, and by 

I moving along the curve it is evident that tiie velocity is decreas- 

L i&g. At the point J^ where the curve crosses the axis the 

Telocity is zero and the point at rest after 0,42.^ second, which 

also evident from curve I. The velocity then becomes 

I tu^tive and reaches a maximum ucgntive value after one 

I ccond, and this occure when the point, as seen by curve /, haa 

* BM»U>e of ihe dlffereoi iinlu used on Ihe horizontal nnd Tertlcftl axes, the 
I nal tngin Is Dot the uiue aa fl would be wlit'O ilrawu to equal ii^lcs; but Ui« 
I taDgeDl at Ibe rral angle l> RlwBys found liy lAkfng ilic railo of Uiu tidrt of m 
k titeogk. mMWirtng iha vertJcal aide by the vertlckl icalfl and tbe horiionial 
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rptumwl lo iLp origin. Id this way many featnree are readily 
(Iftt-Tltil \t\ thi> fv^ which would not appear evideut at a glance 
fmnk th<' oitiiatiou. 

Tlio ncoclvmtion which Uie point hae is algebraically expressed 
b; tho Koood derivative of $ with respect to the time, which i« 

^ = a = 6/-6 (3) 

Thi« Mseond deriTstiTe is aim repreeented by a curve wMch 
UMiy he* derivod gmphicilly from eun-e 11, as II was from I. 
Wtwii ihU w ovtUKtructcd, the points will lie upon the straight 
\\\w III, which oi\tiw« ttie t axis at a point directly above the 
litWMl \\m\\ nf the pwshola, where ^ = 1, siace here at the 
liilitlmum |<oiut the lan^'nC is zero and the velocity ie not 
vhaitniil^. Kqiutk^ii (3) when traced coincides with this line, 
Vrlili^h rv)vi<«,'*i)t« the iwveleration time cnrve, and indicates that 
tlif ktw of niiktioo of the point U a uniformly increasing accel- 

Tlio ninrt* (loMralilo rvlations retjuired in interior baHistics 
m<o lht«H> Kitwwu voKvity and space, and between acceleration 
(ur |>|\wmn^^ nmi ojiaw*, so as to know what the velocity or pres- 
*\W\i In ttt liny jmiiit of tlio Iwre. These relations maybe derived 
yi'u|ihli'ully trmn curvos iwrresponding to I, II, and III, by a 
pnitHMH to bo (IoscHIhhI. This may sometimes be done alge- 
hi'ulntttly, but tho priH^^ss involved consists in eliminating one 
VHrialilo Ih'Iwih'ii two vi|iiations, which in general is not a simple 
pii>htuni. If tho variablo t is eliminated between equations I 
Hiiil II, tlm diuiin>tl volwity simce equation will be obtained, and 
thii riianlt rrt'i'u to lie a higher degree equation. The graphical 
siiliitiiin of lliirt, however, is simple, and represented in Fig. 34 
by iiiirvo IV. To obtain this make nse of curves I and II. To 
iibtain any pi>int iis jlAon tlie new curve, measure the ordinates 
iif imi'vus 1 luul U, corresi>onding to the abscissa OH, and take 
i/Zftts tlio aliseirtsa, and UG as the ordinate of the new point. 
This locates tho point Jf on the new curve, and a similar con- 
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BtructioQ gives any point on tlie velocity space curve. By elim- 
inating ( between equationa (1) and (3) tJie acceleration space 
curve is obtained, or grapliically by a Birnilar construction bs 
before between curves I and III, tlie points of curve V are ob- 
toined, wbicb is the required acceleration space curve. 

Data. 

The data obtained from eacli shot prepared to give a record 
of interior ballistics, together with that from the cbronographic 
negatives, are given below, and no attempt is made to derive an 
equation to represent the velocity and acceleration or pressure 
tlironghout the bore, except in cases where live or more points 
are obtained on the space time curve. 

The powder used throughout these experiments was I. K. H. 
DitiMtnt Powder, 1831, lot 27, 3.2-ineh breech loading rifle. 
Specific gravity 1.725. Volume of chamber with shrapnel 
111.367 cu. in. Tlie density of loading with shrapnel is 
.95713, and the rednced length of initial airspace 0.5M22 ft. 
Yiilumo of chamber with shell 104,55 en. in. Tliis difference 
TOhune of chamber with shrapnel and shell is due to the dif- 
in the position of the band. 



Shoi I. 
Aagnst 7, 1895. 
Wdght of projectile, 12 lbs. 4 os. 

"Weight of rod, 1 lb. 14 oz. 

Total, 14 Iba. 2 oz. 

Weigiit of charge (with sack), 3 lbs. 14 oz. 

Ihia shot is the one previously described, nung the method 
1 in Fig. 30. 
i dutancee t are measured along the rod from the inner 
B of ttic copper baud nearest tlie mtiszle, which was in each 
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Aogust 14, 1S95. 
The first shot with the chroac^raph cireoit throagh the pro- 
jectile and gDD. 

Weight of projectile, 11 Itw, 13 oz, 
Weight of rod, 3 11)6. 10 ot 

Total, 15 lbs. 7 oz. 

Weight of charge, 3 Ibe. 131 oz- 

278.692 degrees of toning fork record correspond to 27 
■waves. Hence 

a>= 2642.4 degrees per second. 
Ko. 8 (cms.) ff (degrees) t (seconds) 
1 19.1 9.271 .00351 

3 76.25 17.900 .00677 



Determination of motion of projectiles. 



Shot III. 
AogTist 19, 1895. 
Tirst trial with the "spider ring brnsh." 
A tnmiiig fork of higher pitch wae first used for thia shot, 
and coQtiimed to be used for all remaining shota. Ita.frequcQOj 
was 611.601 complete vibratione per second. 

Weight of projectile, 11 Ibe. 13 oz. 

Weight of rod, 3 lbs. 5 oz. 

Total, 15 llffl. 2 oz. 

Weight of charge, 3 lbs. 13 oz. 

185.372 degrees of tuning fork record correspond to S3 
vavee. Hance 

« = 4123.4 degrees per second. 

No, s (cms.) 6 (degrees) t (seconds) 

1 6.76 6.114 .00148 

a 32.92 12.528 .00304 

8 62.20 18.792 .00456 



Shot ir. 

Angnst 21, 1895. 

Weight of projectile with rod, 15 lbs. 5 oz. 
Weiglit of charge, 3 lbs. 134 oz- 

214.922 di^reee of the tuning fork record correspond to 28 
wares. Hence 

C0 = 3927 degrees per second. 

Ko. «(cma.) fl(degree8) i (secondfl) 

1 5.78 6.934 0.001511 

2 22.92 14.583 0.003713 
8 62.14 22.599 0.005755 
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sw r. 


1 




Augnst 23, 1896, 


1 


Weight of projectile witli rod, 15 lbs. 
Weigiit of cliarge, 3 Il>s. 


13i oz, ■ 




ai=593a 


degrees per eecond. H 


No. 
1 
2 
3 
i 
I, 

e 


fl(cm8.) 
3.81 

lo.iy 

19,09 
31.14 
48.94 
71.80 


» (degrees) 
5.433 
10.744 
16.079 
21.114 
26.011 
31,917 

Shot TI. 


i (seconds) 
,000916 
,001811 
,002710 
,003559 
.004384 
.005380 



Aaguet 24, 189S. 

"Weight of projectile, 11 lbs. 12 oz. 

Weight of rod, 3 lbs. 1 

Total, 14 lbs. 13 oz. 

Weight of charge, 3 lbs. lOJ oz. 

00 = 6131 degrees per secoDd. 



No. 


8 (cms.) 


e (degrees) 


t (seconds 


1 


3.85 


6,278 


.000861 


2 


9.60 


9.439 


,001640 


3 


17.80 


13.386 


,002183 


4 


28.00 


17.991 


.002935 


5 


40.77 


22.798 


.003719 


6 


57,30 


27,717 


,004621 
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Shot VIL 

August 26, 1895. 

The nnloaded shnpnel on baud had been exliansted, and 
common ebell was used first with thia shot, and with oU fullow- 
ing ones. 

Weight of projectile with rod, 15 lbs. 7 oz. 
Weight of charge, 3 lbs, 13^ oz. 

267.075 degrees of the tuning fork record correspond to 23 
wavee. Hencti 

07 = 5940.8 degrees per second. 



No. 


a (cms.) 


«(degn30.) 


t (seconds) 




3.81 


4.4,73 


.000753 




8.60 


9.366 


.001577 




IT. 88 


14.105 


.002374 




ST. 90 


17.956 


.003022 




40.66 


ai.962 


.003695 


i 


47.15 


26.239 

Skit vni. 


.00441T 


r 


August 27, 1895 




"Weijiht of projectile, 


1 1 lbs. 


ISJoz. 



Wfight of rod and mercury, 3 ibs. 13 oz. 
Total, 15 lbs. lOJoz. 

A mercnrjr cup connection was first used with this shot, i 
provionalj expluned. 

Voigbt of charge, 3 lbs. 13| oz. 

(tf ^ 5883.4 degrees per second. 



HBrKtatrSATios of mqtioit of projectiles. 



Ko. 
1 
2 
8 
4 
( 



« (cms.) 
3.40 
8.90 
16.40 
26.35 
39.40 



H (degrees^ 
4.222 
7.393 
10.903 
15.031 
19.261 



t (seconds) 

.000718 

.001256 

.001853 

.002555 

.003274 



No. 



SlMt IX. 

September 3, 1896. 

Weight of projectile, 11 lbs. 14J oz. 

Weight of rod, 3 lbs. 4 oz. 

Total, 15 lbs. 2i oz. 

Weight of charge, 3 lbs. 134 oz. 

<u = 5514.8 degrees per second. 

s (cms.) $ (degrees) 
5.8 5.499 

13.85 10.341 

23.86 13.746 
17.794 
21.553 
25.548 



35.85 
49.82 
66.80 



t (seconds) 
.000997 
.001875 
.002493 
.003227 



mean error o 
.0000196 
.0000316 
.0000285 
.0000277 
.0000187 




.004633 



The mnzzle velocity was fonnd for a weighted projectile by 
means of three exterior screens, and the crusher preasore gaagft 
was also Qsed. 

September 2, 1895. 
Weight of projectile, 15 lIjB. 14 oz. 
Weight of powder, 3 lbs. 12J oz. 
Weight of sack, IJ oz. 

213.66 degrees of the taning fork record correspond to 22 
waves. Hence 

(U = 4968.6 degrees per second. 
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The diBtiince from the muzzle to tlievariouB screens prepared 
b duiioted hy a. 



,(fc(t) 


» (degrcci) 


19.77 


0.001) 


29.80 


3:i.334 


40.13 


(io.Cas 



The first break in tbe chrotiograpli record occurred at tlie 
first screen 19.77 feet from the muzzle. 'The velocity cak-uliited 
from the interval l)etween the 19.77 aud the 29.8(1 \ni\nts ts 
1M1.2 ft. per second. Thatcalculatedfroiutheiiy.su and 40.13 
interval gives 1641.1 ft. Thcee velocities expressed in meters 
pi*r second are 469.73 and 469.77. If the former experiments 
iu determining exterior velocities are taken as a guide, some of 
this nbaerved velocity at a distance of twenty feet should be 
deducted to obtain the true muzzle velocity. From previona 
iiii-ai^nrementa it is not too much to say that the mnzzle velocity 
i» tliirtY or forty feet less than tbe oljsiTved value, which wonld 
bring it down to about 1500 ft, per second or 457 nicterB per 
aeoond. It will he rememliered tliat the corresponding veliwity 
for eerricc twnditions when tbe shell is not weighted incAsures in 
tlie ueighljorbood of 1650 feet jwr second, and is thus nliout a 
hnndrcd feet jwr set-ond greater than the vi-locity just given. 

The crusher gauge registered a pressure of 34,ii00 [H>inids 
per square inch. 

The measurements given for shots 1, 2, Z, and 4 are repre- 
■entiHl pmphicAlly in Fig. 3S. and for shots 5, 6, 7, Ji, and ft in 
Hg. 36. The points ropresonted by crosses are obwrved points, 
mnd thoi*c belonging to a single sliot are connected by broken 
lines. It will l»e noticed that tbe observed points only extend 
through the first 72 cms. of the l>ore, which is itself (moaeuring 
from the Imisc of projectile iii its seat to tbe muzzle) I S4.4 cms. 
lutig, and thus tbe observatJons extend through almuet half the 
tmvcl of tlie projectile. In tins distance tlie greatest nnml>er 
tif poini* oljsi.Tved is seven, and these are nil rec^orded in -^-^^^ of 



HWATION OF MOTION OF PROJECTILES. 



'Reuarkb on Obsebvations. 



1 



*dvantage to have obBervations given in a grapliical 

uibular form, and accordingly tliey are presented hv 

licated by crosses tliroiigh which broken dotted liTies 

Tlie importance of the graphical method of viewing 

lis of this character, exliibiting to the eye the fundamental 

ions which connect the different equations together, and 

y it possible to pass from on urve, wliicL is the geomet- 

I'alent of an equa .nother in cases where the 

may be either u : very complicated, so that 

ilent process of algebr imination is impracticable, 

.as not been sufficiently e" lasized, and for this reason 

nght the elementary chara of the following esplana- 

DS V be acceptable : 

Without any special reference to ballistics, let us consider 

bstract problem of the motion of a point along any line in 

space. Referring to Fig. 3i, let the position of this moving 

point at any time he represented by the curve ABC. Time i is 

measured along the horizontal and the distance 9 from the origin 

along tlie vertical axis. Thus a point Cupon the curve means 

that the moving point had moved six meters from the origin in 

three seconds. As an example, suppose it to be known that the 

motion is represented by the equation 

8=t' — 3t' + % (1) 

in which s is the distance from the origin of motion in meters, 
and t the time. 

Curve I is a representation to scale of this equation, and 
does not in any way represent the real path of the point in space, 
which may be along a line of any kind, but it is simply a scheme 
to show how far the point is from the origin at any time. 
To interpret this particular curve it is seen that the point starts 
at the origin and moves in the plus direction for 0.423 of a 
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other aiid more complicated formnlse than that of a parabola, 
which are usually advocated. 

The ctjuatioii of the velocity time curve, found by differea- 
tiating the former equation with respect to ^, is v = 56,600^, 
where v is ex{>rc«e<xi in meters per second, and t In eeconds. 
lie velocity space curve found by eliminating t between the two 
eqtmljonfl given is o' = 11.32« — 24, and ia also a parabola. 
The acceleration time equation ib found by differentiating the 
vulucity with respect to t, and ia a = 5,660,000 cms. per second, 
\ is 57+0 times the acceleration of gravitation, and is con- 
Siuce acceleration is directly proportional to the pressure 
} projectile (neglecting friction) it follows that the pressure 
over the distance where the parabola coincidee with the observa- 
tions is approximately constant. It must not be inferred from 
tliin statement that tlie parabolic law involving constant pressure, 
found to be BO approximately true tlirough a certain range of 
the travel, ubtains for portions of the bore either m rear of or in 
advance of thie region. In fact, it is well established, especially 
for quick burning powders, that the pressure sensibly decreases 
■long the chase. As to the verj- tiret motion of the projectile 
which caused the first signal on the chronograph, it is seen 
from this and ancceedhig figures that the tirst point invariably 
lie« below the parabola, and usually considerably off from it aa 
compared with the others. Tliis of itself indicates that there is 
considemble departure from the paralmlic form, and it seems to 
be confined to the first few (about five) centimeters from the 
origin, corresponding to about ThVa "^ * second. In other 
words, for the powder used and the conditions of loading em- 
ployed, the point of maximum pressure seems to lie located 
witliin this region. In any case this is the region of greatest 
changes of all kinds, and although most important to know as 
far as gun construction is concerned, yet it is the most difficult 
to measure. It aeems clearly settled, however, that this maximum 
point, under tlio above named conditions, lie* nearer to the ori- 
gin than has heretofore been supposed. We have only succeeded 



84 DSTERjnKATION OF XOTIOIf OF PROJECTILES. 

tlina ftir in oblftiiiing a single point that seems to lie witliin this 
rejifion of niaxiimim preaeure, whidi is njamfestiy far from being 
sulBcJont ti) lit^ti'nuiue the exact gxjsition of it; but if glower 
burning puwdor had been used it looks quite probable tliat the 
maximum {Ktint inijfbt be approximately located. 

The prosauiij which corresponds to the constant acceleration 
of 5, COO, 000 cins, j)er second, or 5i'40 g., is found to be about 
11,100 ponndfl per wiuurc inch on the base of the projectile, 
which weighed 15 [xmnda t onnces. This value, which is the 
probiiblo pniBHiiro along the part of the bore wlieru the parabola 
applit'iii, It will ho seen might have beeu umeh greater near tlie 
HDat of tlio projootilo wiUiout jimking very innch change in the 
space time or velocity 6\yat!0 curves. To illnetrate this point some 
duttod cnrvea aro drawn in Kig. 13, whicli figure represeute the 
data from shot No. 9. Tlio parabola in this case representing 
tiie spaca time curvo lius its origin to the left of the vertical 
Rxiit instead of upon it, as in the previous case. The true space 
time furvu must manifestly pass through the origin as the time 
id couutud from tho iimlant ^vhen the projeotilo gtai-ted. It 
apiwroiitly blonds with tho parabola in a very short time. The 
dotted curve from the origin represents a possible position of 
tlio true curvo which soon blends with the parabola. Now, 
assuming that this is the tnie curve, the other curves may I>e 
graphically found. Tho points on the velocity time curve II are 
obtained by erecting ordinatos equal to the tangent of inclina- 
tion to the s})aee time curve I. It is evident also that the veloc- 
ity time curve must pass through the origin, since the velocity 
is zero when the time is zero. This shows that curve I should 
bo tangent to tho horizontal axis at the origin. As the curves 
aro drawn tliere is a point of inflection in the velocity time curve 
at A, and a tangent line is drawn at this point. It will be re- 
membered that the pressure on the base of the projectile is pro- 
portional to the tangent of the angle which the tangent line 
drawn at any point of this curve makes with the horizontal. 
This point would therefore correspond to the point of maximom 
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preasarc, as the tangent has here it« greatest value. TbU par- 
tjcnliir incliiiatiou is ciioeen because it corrcsponde to a pressure 
«f 34,000 jm>uiu]b per equare inch, wliich is the registered pres- 
sure of the cmeher gauge. It is noticeable here how a small 
cliangt* in the inclination of this line vdW make a great cliange 
ill the pressure. Tliis grejit pressure may have actually e.\isted 
fur a very short time near the beginning of the travel, but it 
lookfi eomewhat doubtful tliat such a large value did e.\ist. 

In connection with tlii^ subject we cannot omit to mention 

tliat tliooretically the pre^ure record^ by a crusher gauge when 

tile preasnre is siuUlenly applied (and tbie mean^ instantaueously) 

I juet twice as much as that which would be recorded by the 

Hsure slowly applied, as it is when the copper cylinders 

1. Kow the fact that t)ie maximum point seems located 

» near the origin, meaning that the preeaure is very suddenly 

applied, would perhaps cause the crusher gauge to register more 

neariy the tlieoretical limit of double pressure than that which 

the teeting-machine gives. At any rate it would I* soiiiewljere 

between these two limita, as the pressure is surely not slowly 

Implied, and, not having any exporiinents to show which limit 

illy nearer to the tnith, it must be entirely a matter of 

ml to decide tltis question. According to this statement, 

B uiaximnm pressure lies somewhere between 34,000 and 

' 17,0(Klponnd8 per wjuare inch, as indicated by the crusher gauge, 

nd it remains to the judgment to decide which is the nearer 

, limit. Tlio value which certainly exists further along the bore 

I {d tbc tv^on we have measured is loss than the smaller limit. 

It is natnrally of interest to see what muzzle velocity the 
c law gives, assuming it to hold for regions of the bore 
t of the observations. The travel of the projectile using 
1 shell, meaning the distance from the base of the pro- 
tit« iu \U M«t to the muzzle, was measured to be 1S4.4 cms, 
, In the case of shot No, 7 the equation for the velocity-space 
I «nrro i» w" = 11.33« — 94. Substituting the muzzle distance 
! for I, we have w= 446.2 meters per second. In case of shot 
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No, 9 tiic corresponding compated velocity is 423 meters, and 
for allot No, 5 it ia 421 meters. 

It was impracticable to measure the muzzle velocity with 
cttch allot in the ordinary way by exterior screens, bccaura of 
the liftllistic rod which projected in front of the projectile. 
Accordingly a special experiment was made to determine this, 
nsitig a weighted projectile, but inasmuch as the weights of the 
ballistic projectiles were not exactly uniform, only an average 
weiglit wa* uued, and the muzzle velocity observed at 25 feet 
from the muzzle was found to be 469,7 meters, 

Tlie increase of velocity after the projectile leaves the muzzle 
waa observed in former experiments to be as much as teu or 
twelve moterB, and we would be justified in assuming that the 
tnio muzzle velocity is nearer 457 meters than 469.7. It is 
evident tlxat there is much uncertainty as to tiie exact value 
of the true muzzle velocity, as under the same conditions of 
service charge the velocities were observed to vary considerably, 
from 557 to 585 meters per second. It appears that the calcu- 
lated velocities are therefore fairly coincideut with the probable 
muzzle velocity. 

In a similar manner a parabola has been fitted to the obser- 
vations in sliot 5, and is represented in Fig, 39, 

To obtain an idea of the appearance of a record for interior 
as compared with exterior ballistics, refer to Figs, 40 and 41 
for interior and 42 for exterior. Fig. 40 is the record of shot 
No, 4, and 41 that of shot No. 9. The intervals between the 
BcreeuB for the exterior record were about ten feet. 

CONOLUSION, 

Wlien the two objects of these experiments mentioned in 
the beginning of this paper are kept in view, namely, first, to 
improve tlie instrument, and second, to obtain measurements 
of the motion of projectiles through the bore without mutilating 
the gun in any way, it may be said that the two vital parts of 
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tbe iastniuient Iiave each been improved. These parts are tlie 
chronograph and tuning fork records, upon which the measure- 
meats are made. The intensity of the light for tlie chronograph 
ivcord has been increased as described by the use of lenses, so 
that it is c\ca more quick iu its response to breaks in the electric 
current than formerly. This l>econies a more important matter 
where the measurement is upon projectiles inside the bore than 
it was for exterior ballistics, because the tiuic bit^rcals to be 
measured are generally much shorter in the former case. 

The improvements in the tuning fork records are more 
noticeable in the photographs titan those iu the chronograph 
records. The photographs, examples of which are shown in Figs. 
27, ^8, and 29, are easily obtained, and have the wave lengtlis 
•0 clearly delined that there is little to ho desired in point of 
accuracy. These records are interesting from a purely physical 
point of view, and when it is understood how cosily they may 
be obtained, it seems certain tliey must tiud a place in laboratory 
investigations where former methods left so much uncertainty 
Ad to the exact location of the maximum jioints of the waves. 

NMnrally many radical changes in the camera fonnerly need 
were BOggcstcd, such aa the employment of sensitized tilras 
Vrrip[>eil ui>on a cylinder instead of a plane glass plate; and 
well as a form of instruni(.>nt in which the plate is stationary 
while the beam of light revokes. Tlie process of developing 
aod Bu!>8e<inently drying a tilm ia too liable to cause change of 
•tia{te, which renders its use wholly unsuited for such accurate 
meojarements as are involved. The first instrument re(|uired 
tiio tPHMtive plato to be mounted like a circuUr saw uiK>n its 
•baft, requiring a hole in the negative itself. The new instni- 
iiHinl will ]>ermit the use of ordinary commercial plates mounted 
in plate holders so that the plate and holder revolve together. 
ICC is made for the varying tlucknesB of tlie glass, cud 
it eccentricity of tim centre of gravity by mounting 
in a Wfmpnmtively heavy well balanced fly wheel. 

It aboald bo said that the original camera is the only one 
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which lias as yet been usefl iii tlio experimeiite already doscrilted. 
A new instrument is now almost completed, being manufacturod 
by the well known optician aJid instrament maker, J, A. Bra- 
Bbear of AUeglieny, Pa., U. S. A, A special form of instru- 
ment to accomjiany the uiironograph for the purpose of accurately 
measuring the angles obtained on the negatives is in the hands 
of Messrs. Warner & Swasey of Cleveland, Ohio, U, S. A., the 
well known makers of astronomical instruments. It is expected 
tJiat these instruments will be installed at the U, S. Artillery 
School, Fort Monroe, Va., and be ready for use in a few 
months. 

As to the second object mentioned above, it may be said 
that as many as seven observations of the projectile were taken 
in a distance of 57 cms. (only 1 foot lOJ inches) — somewhat less 
than one third the whole travel of the projectile, whicli is 1S4.4 
cms. The shortest distance between observations was 3.8 cms. 
(about li incli). The greatest distance observed along tlie bore 
was about 7fi cms. (^i feet). No attempt was made to remove 
what is thought to be the cause of the breaking of the rod, and 
with it the limitation to the distance measured along the l)ore, 
on account of lack of time to do more than obtain the results 
mentioned. It is thought, liowever, that these oljservations can 
be extended still further along the bore than they have as yet 
been observed. 

An important point to he kept in mind is that the method 
nsed permitted a single mechanic working all day to prepare all 
the material nsed for a single round, so that for more tlian a 
week consecutively one shot was fired per day. This, moreover, 
was under experimental conditions, whicli obviously required 
more time than it would to do the same thing under other con- 
ditions; for example, the distances on the rod between the 
eopi>er bauds of the succeeding shot were not detennined until 
the preceding shot had been fired and the negative examined. 
It would be perfectly feasible to keep these rods already pre- 
pared for the special use of taking interior velocities. In that 
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case the operation of observing a projtctile inside the bore is 
almost as easily performed as observing it outside. 

Although wliat has been said in this paper applies more 
particularly to the experiments with a 3.2-inch field rifle, it is 
not to be inferred in consequence that tliere is no application 
to guns of larger caliber. On the contrary, there is much 
reason to believe that experiments upon big guns, though the 
preparation for each shot may require a larger plant and take 
more time, will be even more successful than with a 3.2-iiich 
rifle. The flrst part of the travel is unquestionably an impor- 
tant one to know something about, and, for an equal distance in 
the two guns, the velocity of the projectile may be much slower 
in the big gun. Even though the observations could not be 
extended throughout the entire bore, it would be a particular 
advantage to measure the first part of the motion. 
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The object oi liiis [mper ts to oe&aiDe this instrmnetit and its 

inBtalLation, togetlier with s-jine of the fonher tests and experi- 
ments with it which were earrie-i oat in the electrical laboratorr 
of the schiKil, where the new initmment was installed dnrine 
the montlis of Jnly and Augnst. 1>&$. It is a pleasnre to 
record at the ontaet oar obligationa to Mr, J. A, Brashear of 
Allegheny, Pa., who constructed the chronograph, and to Messrs, 
Warner & Swaecy of Cleveland, Ohio, who eonstmcted the 
measuring instmment for the same. 

The well known reputation of each of these firms in their 
particular lines of work has more tlian been sustained, and their 
Bkill in execution, as well as their experience in methods, has 
contributed no small share in making the instrument what it is 
at prcHcnt. 

In" iirriving at the general form which the new instrument 
lias iiHWUinod, niiturally many radical departures from the form 
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iirith which the first experiments were conducted were consid- 
l«n:ii], uid coQstructJoDs of the camera whicJi would permit of 
'greater possible length of record, mich as wrapping a een&itive 
fihu upon a cylinder or by causing the record to aeeume a spiral 
funii upon a plane sensitive plate, which would suggest them- 
■elveo aliuofit immediately, were di««rtled as introducing com- 
pliratiun^ of construction unnecessary for the particular object 
£>r which this form of inetrnnient was intended, and the advan- 
tafpx of the gvnend form of a movable plane glass sensitive 
plate appear more and more apparent with increase of experi- 

8itice the primary object of this apparatus is tlie accurate 
atea^uremcnt of very minute intervale of time, its particular 
;>liere of tuerit is in the quantitative investigation of natural 
pbtmouicna beyond the reach of other methods of measurement, 
nd wlicro the whole period within which measurements are 
mght 16 iUvlf a email interval of time when compared with » 
, for itit^tanco. 
For this reaiton, great length of available record, which 
■tiiin« roughly com|jarativoly long intervale of time, is uimeces- 
r fiir the very rapid phenomena which are nsually met with 
1 wicntific gumiery. 

Deacription of Chronograph. 

Th* essential features of the chronograph, as explained in 

fintt pa|H;r, to wliich reference is made, are the transmitter 
id tlw receiver. The former consista naturally of a series of 
DBot an<] printns in the same line with the arc light and tnbe, 

lltat it makes the apparatus long as compared with tlie width. 

1 fact it 18 made like an optical bench, a very convenient form 
ling the inverted T rail shown at O and O', Figs. 43, 44, and 
I. Fig. 4S ebows tlie general arrangemoiil of the parts of the 
ijwatiu in phin and elevation. Fig§. 44 and 4.') are views of the 
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inBtriiment in which tlie lettering corresponds to tliat of Fig, 43. 
Upon the rail O' are firat the arc lamp a, one of J. B. Colt's 
lamps, and in front of it the condensing lens L. The polarizer 
I* is between tlie lens L and tube T, and immediately after the 
tube is the analyzer A and lens L'. The receiver has the form 
uf a sensitized glass plate revolving in its plate holder, wliich Ib 
itself mounted in a heavy east iron fly wheel W. Both receiver 
and transmitter are assembled upon the same cast iron base 
plate, which is 7 feet 3J inches long by 2 feet wide. The 
second T rail seeu at carries the accessories for the tuning- 
fork, wliich makes its record upon the sensitive plate on the 
opposite side to that where the chronograph record appears. 
Inasmuch as uniform velocity is always used in taking records, 
it caTi make no difierence where the tuning fork record is placed. 
This rail carries first a mirror, M, which reflects the light 
from the arc and turns it in a line parallel with the rail. It 
then passes through a large condensing lene i", and an imags 
of the arc is formed u]k>u a small piece of aluminium foil 
attached to one prong of the tuning fork F. This foil has a 
small round hole in it about one mm. in diameter, which is 
brightly illuminated by the light. The lens L'" forms a magni- 
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1| inches in diameter, carried by the ball bearings at BB. The 
detail of tbis shaft and its bearings is shown in Fig. 46. 

Tbo armature of a J-horse power electric motor m, mann- 
fsctarod by the Crocker-Wheeler Co., is directly coupled to 
tlu) camera shaft. The motor is not specially constructed, but 
is one of their standard commercial types. The wiicel is so 
nicely baknoxid that it will rest in any iKisition wlicre it is left, 
lint tlie Blightest touch of the hand b sufficient to turn it. The 
motor b wound for low voltage, about twelve volts being the 
lu^icflt ever needed. The inertia of the wheel is so groat that 
lit takes several minutes to attain fnll ejK;ed, and it will initi 
many miuates after the power ia cut off before coming to rtsr. 

In dcecrihing the camera itself reference is made to the 
detail drawings Figs. \~, 48, and 49. A vertical section tlirough 
camera, wheel, and shaft is seen in Fig. 48. The front elevation 
<if the dark cliamber is represented in Fig. 47, and through ihu 
camera wheel in Fig. 49. The plate holder is made of metal to 
acoommodate two plates 12 X 12 inches etjuurc, and slides 
throDgh the opening in the wheel (Figa. 48 and 4!)), npon the 
track SS (Fig, 49). The holder ie held in position by four 
tlmmh-iwrewa, CCC(7(Fig. 44) to prevent the possibility of its 
flying out when rapidly rotating. 

The front part of the camera, shown in elevation Fig. 47, is 
a casting V, bolted to the base plate, and in the fonn of a ring 
with a section of each a shape that it tinrniunds the rotating 
wheel so as to prevent nay light from rc-Aclung the eensitivu 
plate wlien the slide is drawn from the plate holder. The wheel 
W has a flange upon tlie circumference of it, the si'i-tion of 
which just fitfl the stationary ring D, making a small clearance, 
and after tlio solid cast ring D is Wlted down the light braea 
ring Ji Li »crewc<l on s<^i as to serve as additional security againut 
oataidti light. Tim arrangement has proved to Ik; entirely effec- 
tual in preventing fogging of the plates. 

The light for the chronogntjih record is made to pass through 
Barrow radial slit, and to protluee as sharp and definite records 
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as pueeibte, it h dtaimble to have the alit close to the sensitive 
plate iteelf. To support th« slit in this position a tliin braa 
plate JC, Fig. 4S, is screwed to the back nf tJi« ring D, covering 
tJjc whole of it, anil thos forming a complete screen, preveutiiig 
any light entering from in front. The detail of this brass imr- 
tition ia shown in Fig, SO. At (? is the radial slit, having upper 
jaw •/ fixed ami edgt; coineidiug with a radium uf the wheeh 
The lower jaw J' is pivuted at the center €, and maj? be damped 

;n any portion by the thumb screw J/. The upper edge of ./' 
also a radius of tho wheel, and thus this arraugemeut alwa^-a 

insures a radial slit capable of adjustment for any width. 

Since the camera slide shutter must fall immediately in front 
of this slit in the brass partition to shut ofi all light before and 
after exposure, it makes it necessary to have no projecting parts 
oil the front of the brass plate which would interfere with the 
fihotter in its fall. 

The light from the tuning fork reaches the plate throngli a 
round 0|iL'Ti!iig A'. Tlii^ IiMe is made in a small slide 3'. niov- 
abie dit^onally along a slot ^. The slot Q is made in a second 
slide fl, movable vertically along the guides XX This arrange- 
ment permits the adjustment of the hole ^ along a radius of the 
wheel, and neither interferes with the jaw J', pivoted at the 
center, nor has any projections which the camera slide might 
strike in falling. Across the hole .ff'in the slide iVare secured 
several fine vertical wires, the shadows of which form the een- 
teriog circles upon the plate, as previously explained. 

The Camera Slide Shutter. 

In order to control the time of exposure of the slit so that 
the sensitive plate may not revolve more than once while the 
slit is open, a camera gravity slide shutter is provided. This 
shutter is shown in elevation in Fig, 5, It consists of a frame 
of thin sheet metal PP", forming a curtain witli an adjustable 
rectangular opening at R. 
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Wlien this sbatter is raUed tbe lower part P' normally 

covers Itotb the radial slit and tlie opeaing for the tuning fork 

recunl, and is held suspended by an autouiatic catch upon the 

■ Amutiure of a small electro magnet which is permanently attached 

9 the inside of the ring D, with its hindiug-posts on the out- 

k', and is not shown in the figure. To operate the shutter 

t any difitancc from the camera, it is only necessary to close an 

sclrie circuit passing to the binding-jtoets referred to. Since 

i ehntter has considerable weight, its lower circular edge at 

■* \* provided with a thick rubber ciuihivn extending along the 

mtire lower edge, which serves to soften the shock of the fall. 

I order to prevent the possibility of tlie shutter rebounding 

ietttly to expoee the slit a second time, an automatic bevel 

Cell lock is attached to tlie inside of the ring D at its lowest 

Ktint. In rising and falling the shutter rides between vertical 

nidfM GO, Fig, 47, niwn the four bevelled rollers inmmm. 

The adjufitable edge n of the shutter can he clamped by 

I of thniuh screws, not shown, at any desired measured 

I from the fixed edge «, graduated metal scales being 

I upon the sides of the frame for tbe purpose of setting. 

The operation of this abutter in opening and closing the 

radial slit la aa follows : The shutter being up, its lower part 

I*" cloees the slit, and upon being released when it falls a certain 

fixed distance, the edge o first exi>oses the slit, and it remains 

exposed ontil the upper edge n closes it in the fall. The total 

tinie of exposure may by this means be set for any tunc ranging 

wm zero to a certain maxiiimtn, about a tenth of a second. 

To cover the entire front of the camera ring D a wooden 
pcniar faoe is provided, which can he removed at pleasure, and 
> Btnall windows upon either side shding longitudinally in 
I permit the light for the chronograph and tuning fork 
rocords to enter. This cover is simply an additional precaution, 
and to jHoHde a means of exposing the slit by hand independent 
of t]ie camera ehuttcr when desired. Tliis cover in position 
It Mdditional small dark chamber in the space between the 



cmoB Aatia mi dK bank bet of ibe etnionarj omen ring 
If. Ib the urJasT ne «< Ae caBom dUe efamter for expoeiiig 
llie plUe t^ wooden cpv«r ■bjt be AfOHed vitfa. 

Tht gnvi^ nrilEh and ite fnncCMii in expodi^ ihe earners ' 
■ad firing tbe fu ham been explained in the first paper. Tlie 
fgnn fiir tbe ner inKnnueot it eabaanliaUy die «ame a« thv 
nM]^ mm; made for IIk firet experiments. It is ^t>vn at L', 
Figi. 44 and 45 ; and, for conrcnieDce in setting and dropping 
l)jt) firing woiglit, t)ie centra] rod akine whieb the aqnuc lira^ 
cylinder falU ts permaneoily graduated in inches, ae also are tliu 
side rode wbidi bear tbe pairs of tnnding-puets for the electric 
primer and the camera release electromagncc 

The metal plate holder is inserted at the opening O, Rg. 48, 
in tlic fMiripliery of the camera wheel IT, and carries two ordi- 
nary cominercial Bensitive plates 12 by 12 inches, wliicli are 
iiiHcrtC'l and withdrawn in the ordinary way. Two thin inctjil 
tdiiics are provided which can be witlidrawn after the bolder is 
inserted and before tlie camera wheel is started to revolve. To 
ciitible plates of emaller size to be used when desired, each side 
of the ]>late bolder has a metal nest form which can be inserted, 
and takes an 8 by 10 plate. 

Since the plate holder itself possesses considerable mass and 
is Honietinics required to be revolved at higli rates of speed, it is 
ileMiriible to |irevent any play between the glass ])late and its 
IiiiMlt. Tliis is accomplished by tightening tlinnib screws in 
the Iioidcr which bear against the edge of each plate through 
the intervention of springs similar to those ordinarily employed 
ill eoninierciiil (ihite holders. As already mentioned, the entire 
piiitc holder is firmly secured in position within the camera 
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■wliLvl IT by four ecrcwe CCCC, Fig. 44, which pass directljf 
tlirough die side frame of the holder itself. 

TvheB and Coila. 

Tho particular shape and size of the tube for the carbon biflul- 
pbide, and tlie couetants of tbe coils to obtain tho desired light 
0[H)n the plate, de[>end upon tbe electromotive force which is 
employed in tlie transmitter cirenit. and tbe resistance and 
inductiuicu of the rest of tbe circuit uicludiug the line. 

These conditions being determined, a tube coil can be wound 
hicb will be inoet effective. During the t€sts of tlie chrono- 
graph Home account of which will follow, several tubes were 
mado and used, but the one suitable for use in the ordinary case 
of taking velocities, and which was sjwcialJy made witli the ■ 
eliroQograpb, is shown at 7\ Figs, 44 and +5, and is wound of 
No. 18 cu. wire in four sections having an ohniic resistance 
in series of 13.7 ohms and in pamllol of 0.84 of an ohm. 
luductarieo of four eoils in series = 0.084 benrys. 
Inductance of four coils in parallel = IJ,U052 benrys. 

Tlus Nicol Priama, 

The rize of tbe Nicol prism used as polarizer is 7.7 cms. 
loDff and 2.6 cms. in diameter. Thi» is much larger than tbe 
ouu UKid as analyser. Tbe use of the condensing lens in front 
f the arc light makes it possible to use a much smaller analyzer, 
■M tbe arc is brought to a focns at a short distance beyond it. 
M analler analyzer also baa the advantage of al)sorbiDg less 
Blgllt on account of its shorter length. Tbe dimensions of tbe 
analyzer are 3.0 can. long and 1.4 cins. in diameter. 

Tuning Forlca. 

A aet of eight standard forks were imported from Eoenig, 
Paris, i^K-cted as being snirahle to cover the range of epoeda 



which would ordinarily be employed for the sensitive plate in 
actual practice. 

There are two eacli of 250, 500, 1000, and 2000 vibrations 
per second, one set to be used as standards witli which to 
compare the others wlion thoy ani nsed with the aluininiuni foil 
attached. The universal mounting for the different forks shown 
at F, Figs. 44 and 45, permits of an adjustment of the prongs of 
the fork for height and also transversely with resj»ect to the 
optical T rail. 

The lenses Z" and Z'", Pigs. 43, 44, and 45, besides being 
adjustable for height as are the other lenses, have also a trans- 
verse adjustment to facilitate placing the image of the Itiminons 
hole in the foil upon the fork at the exact position desired. 

The Mounting of the Chronograph. 

To provide a firm support for all the apparatus, a solid brick 
pier was built upon a concrete foundation placed beiieatli the 
floor of the laboratory, and tinaiiy the baae-plate was set and 
levelled in suitable cement, and firmly anchored down by four 
bolts about 4 feet long extending from the four comers of the 
base plate down beneath tlie floor. 

Process of Developing the Plates. 

No simpler manipulations in the art of photography can be 
imagined than those required in the use of the chronograph. 
In the first place no prints are ever required, the measurement 
being made directly from the negatives themselves. Since there 
are no lights and shades to look out for as in t^aking ordinary 
views, where it is sometimes contrast which is desired and some- 
times lack of contrast, the process of developing merely consit;t.-i 
in pouring the liquid "developer" so as to flow the plate uni- 
formly and quickly, and then rocking the tray until both tuning- 
fork and chronograph records show plainly. The plate is then 



\r^ 



ra» Jfsw poLABiznfa pnoTo-cmtoifOQnAPn. 99 

" fixed " in the ordinary way. Almost aiiy developer may be 
«niployc<], Hiid Uicre are many different kinds, some being two 

,, fluid and ullienj one fluid developer. The two flnids are mixed 
lost before developing. In practice tlie single fluid is more 

I convenient, for it is ready at a moment's notice, Sucli a de- 
veloper will keep for muntba if kept in glass stoppered bottles 
in Uie dark room. A formula which gives very satisfactory 
re&ii]t8 is: 

One Solution Devdoper. 

Water, 100 parts or 10 ounces. 

Uetol, 1,5 parts or 75 grains. 

Sulphite of soda cryst., 10 parts or 1 ounce. 

Sodium carbonate cryet., Hi parts or 1 ounce. 
Or substitute for sodiimi carbonate cryst. 

Carbonate of potash, 5 parts or ^ ounce. 
The metol to be dissolved in water before the addition of 
•nipbite. 

This voAj be diluted with water to suit the work in hand, 

[nitU as given being very strong developer sufficient to 

I ordinary plate to flash up quickly. 

KindofPlaiee fTaed. 

A rough calculation will show how very short is the time of 
.«ai[>o«iire of any one point on the plate for the clironograph 
Iieeonl. Supposing the width of slit to he 1 mm. at a distance 
pof lAO inms. from the center of revolution, and that the plate 
Totatos ten times per second, the whole distance travelled by- 
one point on the plate per second is 10 X 3t X loO = SOOOir 
:= M84.8 mnis. The cxpusnre is therefore .000106 second, 
for the point crosses the millimeter slit in this time. The 
dodimbility of liaving the most sensitive plates which can be 
maile is clearly manifest. It is only the intensity of the light 
from the are focused by the condensing lens upon the sensitive 
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phte which iiiakee op for the fhonnt^ of the expoenre. TLb 
itulroment afionU • coarenient wav of teeting pUtefi ; for the 
ooiulitiuii& tuav l>c ahouist exactlji' rvpeated for different plates. 
The »me speed gives the £aaie kind of expu^nre. Some differ- 
ent pUtes were tried with a view of finding the quickest ones. 
No plates have been tried which equal the Stanley plate marked 
" f«ni-itometer 50" for qukkuese. These have conseqaeBtl; 
been used exdiuively for the experimeota. 

Tbb Mbastbuco Ikstscme^t fob the Cbbokoobapb. 

After the n^atives have been obtained bv means of the 
chroiu^Tapb, in order to determine velocities of a projectile or 
other moving body, measnrements are taken from the negatives. 
For this particular form of record an angle measuring instrument 
b re<:|nire<l, and a form of instrument specially adapted to the 
purpose wafi designed. 

A view of this instrument is shown in Fig, 51. The parts are 
assembled npon a ca*;t iron base plate A, 24 by 27 iuches, which 
rests upon three rubber legs, and altbougb ordinarily upon a 
firm pier, it can if desired be easily moved and set upon a 
table for use at any part of tlie room. From the center of this 
base plate A is mounted tlie conical bearing upon which re- 
volves tlie divided circle, the spokes of which are seen at 
SSSS, as well as the upper plane glass plate B, 42J cms. in 
diameter and 9 mm. tiiiek, upon which the negatives are mounted 
when measurements are to be taken. The weight of the glass 
plate upon the conical bearing is relieved and adjusted by means 
of a vertical spiral spring in the top of the conical liearing itself. 

Tlie plate B and the divided circle thus revolve togetiier 
upon the conical bearing, and can be turned by means of tlie 
four arms with spherical mahogany handles shown at IIIIIIIl, 
clamped in position by means of the hand screw J, and given 
small motions by the tangent st^rew K with its spring cylinder 
L. By means of the hollow nulled screws J!f and N' at right 
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HtigleB to each other, ant] their corresponding 8pring cjclinders 
O anil (y, the center of the large giass plate Ji has an aJjuetable 
motion in a horizontal plane with respect to tbe vertical axis of 
the instrument. This is accoinpiished by having the glaea plate 
B mounted upon a Bccoud conical collar of consideralily larger 
internal diatneter than the external diameter of the main bear- 
ing cone, which collar slides horizontally on a plane surface with 
respect to the bearing cone, under the control of the screws and 
«pringB N and N' and O and 0'. The object of this independ- 
ent muToment of the plafe B with respect to the axis of the 
in^truniunt is for the purpose of accurately centering the glass 
negative before readitige are made. 

Tlie fine circle upon which the measurements are taken is 
made of silver, and divided by Messrs, Warner & Swasey's 
[«tcd circular dividing engine. It lias no graduation uum- 

I marked upon it, and is protected from duet by the metal 
tng sliown at My which has its upper face graduated and 
nambered to reail one-half degrees, and, together with a sliding 
pointer wliicli moves with the glass plate, serves as a rongh 
cirt-le U> read angles to half degrees, the finer readings being 
then taken from the silver circle beneath. 

Bolted to the base plate are two uprights DD which support 
! croee piece E upon which the reading microscope F ia 
This microscope has a motion of translation along a 
dtotnvter of the glass plate by means of the rack c, in which 
works a pinion operated by the tliumb screw/". This metal track 
jy it screwed to the face of the cross piece E, and dovetailed 
along top and Ijottom to receive the l>caring frame of the reading 
lDicro«coi>e. U[)on the top of the cross piece ^two silver scales 
are mounted side by side, graduated from the central vertical 
axb outward along a radius in either direction, one reading to 
gfl of a cm. and tlie other (o ^„ of an inch, and by iiicAns of two 
oofTwponding verniers, which move with the reading microscope, 
tbe ndial distance of any setting can be read to ^^ of a uun. or 
■yi'g, of an inch. 
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The Heading Microscope. 

Tbe axis of the reading microscope ie inclined at an angle of 
45° to tlie vertical axis of the instrcment, to permit reading 
from a sitting position, and time avoid the strain consequent 
upon proiuLged readings directly from above. This is aceoni- 
pliehed by means of an inclined metallic mirror inside tlie vertical 
barrel of the microscope, which serves to reflect the light 
from the negative below into the eye of the observer at the eye- 
piece. 

The cross hairs for the microscope are placed across the 
lower end of the vertical barrel, that tliey may be adjusted as 
near to the negative as possible to give inci'eased accuracy ; and 
since the glaae negatives vary considerably in thickness, the 
whole microscope can be raised and lowered by means of the 
thumb screw y, and a scale for reading these relative heights is 
also provided. The sj^stem of cross liairs consists of two sets at 
riglit angles to each other, which have a relative motion in azi- 
muth with respect to each other. They are mounted in eei)arate 
collars at the lower end of the microscope barrel and are api>rox- 
imately in the same plane. By means of two pinions working 
in two cog wheels seen in the view and oi)crated by two thumb 
screws h and A' on either side of the microscope, the two sets of 
hairs are moved in azunutli at will, and a circular divided scale 
4i reading to two degrees is provided by which the angle be- 
tween the sets is known, 

Tlie advantage of this plan is that any arrangement of four 
hairs intersecting at a common point, found most convenient for 
the particular observer, or most desirable for accurate setting 
upon a particular form of record upon the plate, can l)e obtained 
by simply adjusting the thumb screws A and h' mentioned alwve. 
If the two sets are adjusted to coincide, we have the ordinary 
ease of hut two perpendicular cross wires visible, and from tliis 
to intersections at any angle with respect to each otlier, and also 
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at any angle with respect to tbe eliarp edge of the record wliidi 
i> mdiiil npon the plate, are obt^tmble. 

To make thi£ inicroecopc more elastic and applicable to a 
wi<Je raiigt; of pnrjKiscs, it ia provided nith two eets of lenses 
proper atid tliree different eye pieces, giving conibinations in 
nugiiifytng jtower of 3, 7, aud 10. 

For tbe parpose of illuminating the negatives to facilitate 
»cttiug, two plane mirrors, M' and M", placed to reflect liglit 
din-ctly np through tbe negative into tbe microscope, are 
aliovfied ; and hy means of the hniid screws P and /" these 
majr be adjusted to tbe proper angle to reflect the outside light. 



Tht Mia-ometer Jlicroscopes. 

Instead of verniers and magnifving glasses for reading the 

■ngl«», the much more convenient and accurate micrometer 

lflliicro«oope« shown at li and J?' are employed. As in the read- 

: nucroscupe, these are mounted with their axes inclined at an 

langlv of 45° with the vertical asis of the instrument, bo that all 

KVbeervatiuns both for angles and for settings upon Uie record are 

ivenicntly jierfonned by the observer from a sitting position 

land willii>nl moving. This is accomplished by means of totally 

fleeting prisms S and S', which reflect the light from below 

into tlw tye of llie olwerver at the eye piece. 

Thr^togli tlm outer rough circle 21 two windows are cut 

' betwMli tbe reflecting prisms of tbe micrometer micrn84;o)K's, 

hy which the illumination of the silver scale beneath is obtained 

fruni tti« light passing through the translucent glass cylinders T 

nd T", and through these windows is the only way by which 

I teaUi can Iw ol)served. To prevent any particles of dust 

•Ota colloctiiig inside the tul>e, the lower end of each of the 

mt glam cylinders is provided with a circular ololh 

t extending lo tbe surface of the outer scale circle M. 

e chown at u and u'. 

Sb OMtUe tlie instrument to W used at night as well as in 
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(liiyligbt, the traQslacent cylinders can be artificially lighted by 
inoaua of two email incandescent electric lamps shown at F aud 
v. These lamps I'equire about five volts and one half an 
ampere to secure a good illiuniuation of the scale beneath. 

The silver scale ie divided to read to tenths of a degree. 
The decimal division of a degree is preferred to minutes aud 
6ccorids, because if the readings were taken in minutes aud 
seconds, they would have to be reduced to the decimal system 
in computing velocities. 

The micrometers WW are divided into twenty parte; and 
sineo five revolutions of the micrometer screw correspond to 
one small division upon the scale beneatli, the micrometer reads 
directly to one thousandtli of a degrt-e, and by estimation to 
teutliB, to one ten-thousandth of a degi'ee. 



CenteHiig the Glaaa Negatwe. 

The circles wliicli ajipear upon the tuning-fork records and 
are produced by the fine wires in the camera already described 
am for the purjjose of accurately eenthring the plate before any 
measurements arc taken. This obviates any necessity for cen- 
tering the plate itself when in position in the camera. 

The negative is laid film side up upon the glass plate S, 
approximately centered and held in position by the four spring 
c]ain]J3 cccc. By means of the traversitig screw (/) the reading 
microscope is moved until the tuning fork record comes in the 
field of view, and then by means of the hand screws N' and N" 
the plate ]i with negative is moved until the intersection of the 
cross hairs remains upon any one of the circles of the record 
during an entire revolution of the plate. The negative ihen 
being c^ntiTcd, the reading microscope may be traversed to show 
the chronogra})h record, and the setting made for the final read- 
ings of the angle by means of the micrometer microscopes 
already explained. 
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In conddering this instrament as a whole, it i^ eviilent tbst 

it liaa a wide raoge of use other tlian tliat for which it was par- 

ticuUrljr constnicteii. How it can lie employed either to divide 

: to tc£t the divieJoii of graduated circles will readily be seen 

t hy tboAC iuleresied, and the convenience and arrangement of 

Ltku Tariuns \)&tt^, and especially their simplicity, it ie thought 

lieommend tliis form of angle measuring instrument for a 

I Uboratory ap]}aratug. 



BOHK Fl'KTHEE EXPEKIMI^TS WITH THE CnOOXOOSAPR. 

During tlie progress of the installation and testing of the 

new instruinent an opiwrtnuity was presented for some further 

c\pm]nc'Ut« with it, both along the line of siniplificalion in 

ntatiipalatioti when used for the single purpose of meaeuring 

I projectile velocities, and also some other experiments of a more 

[ purely phyaical interest. 

The design of the chronograph is such that it may be used 

fur a variety of puqtosce nut only ea a clironograph, but also as 

an iitetrument for tlie investigation of problems which are met 

witli in the laboratory, such as the study of ullemuting current 

' pheiioiiunia, the study of the rate of motion of alnuist any IxmIv, 

I tliB pwoil of gun earriages. and many others which su^^st 

I tlieiiM'lves to the reader. The pleasure expericiiwMl in using a 

L veil mailo instrument with all its fine adjustments can be 

I a|>|>rcciatetl after one has been obliged to use the home made 

1 appnrattiH nnth which the original investigations were made. 

The ftunn-e of power which was |>errnanently installed to 
I 0|>crHtv the chronogniph consists of 38 storage eelU, which are 
tchorged at regular intervals by an Edison dynamo driven by a 
I stuatn engine. Tlie use of these cells for the clironograph does 
f not prevent them from being available for the general Inbonitory 
I Urv* of the Artillery 8fhot>l. as well as for furnishing the electric 
L ^hting for the electrical and cliemical laboratories, the machine 
. txrilcr houses, and also for ojterating the two Bouleng^ 
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dirouognpii£ alreadv at the poet (thns supplanting the Edison- 
Idlaude hanery), tLe post telt^ruph and fire alarm gjetems 
^enpplantiiig the large number of gravity cells fonaerlj used), 
Iw^de^ eiet'tric fans, et«. 

8ince storage celk have an internal electrical remstatic(,* 
practically nil, they can be drawn upon independently for all 
the«i' purposes at the same time, or by means of a geiicml 
swilrhboard each circuit can be cut out or thrown in at pleasure. 

Two new No. fS copper Hue wires, extending from the 
iRStmment to the new lU-inch diaappearing gun-battery about 
1100 yards distant, have been put uji and ore ready^ for use. 

Exterior Velocities with th« 3",2 Field Gun. 
For the purpose of the preliminary tests with the new 
instrument and to determine tlie constants of the gravity switch, 
the field gun was again utilized as being most oonvei.ient, and 
on August Ith, ISyti, the first actual velocity was taten. But 
four screens were employed, and these were placed at about 
ten foot intervai;. The revolutions of the plate were (JoS per 
minute, and the strength of current employed for the trans- 
mitter circuit, the four sections of tlie tube coil being joined in 
parallel, was ISJ amperes. The same construction of screens 
and means of restoring the transmitter circuit between screens 
was employed as is described in the first paper, and were all 
that could be desired for the purpose. The general apj>earance 
of the record is the same as has been shown in previous records, 
except that with a sensitive plate twelve inches square the liuear 
distance between consecutive records, representing ten feet on 
the proving-ground, is much greater tlian formerly, and permits 
therefore even greater accuracy in measurement. 

Simplijicati&n in the Use of the Instrument for Projectile 
Velocities. 
To avoid the necessity of being obliged to cause the pro- 
jectile records commuaicated by the transmitter to occur during 
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llhc pafisage of the camera drop shutter in iU fall, which limits 
lie total time of expoeare of the plate, it is very desirable t<j be 
ible tu ilijFpeiiee with this shutter in ordinary practice in simply 
l,tokiug velocities, etitployiiig only the crossed ]N'iculg to prevent 
I'Ac light beHiu from eateriDg tlie elit before the transmitter 
fjEdrcuit is made. 

We are thus relieved of any nncertainty due to non-noiform- 
Vlty in (lie action of electric primers, or the dilfereuce in the 
"time interval " between llie making of the primer circuit and 
! projectile reaching the muzzle for ditfereut guns, wliich 
ioter^'als though ordinarily considered small are not so when 
Vifiomjiared with eucIi intervals us are niut with in ballistic ex- 
Kpcriinuuti< ; and we arc assured that whatever hap|>ens in the 
■tranauiitter circuit ujill siin/i/ be shown upon the plate in any 
M>, no matter what gun is being used. 

If we aleo have some meaue of controlling tlic exposure of 

) tuning fork record without oiwrating tlie camera shutter, 

ind causing thia record to he made upon the plate simulta- 

ioasly with the ehrotiogntph records, we have an ideal sini- 

icitj ill oj»er«tion for taking projectile velocities. 

A method wliich has l>oeu shown by trials to lie entirely sat- 

ifaclory i* the following: The mounting for the fork J^ (F'ga- 

rS, 44, and 45) is fdinply transferred to tlie same o|>tical T rail 

iritli tlie hirnp and tulte. and placeil tjetwecn the analyzcrand the 

The lens /.'", which is used upon the fork rail for 

tibcuMing the luminous hole in the aluminum foil upon the plate, 

■ also placed upon the tube rail, and used to condense the light 

irhich coinw through the tul»e upon the edge of one prong of 

Ethe fork, which is now used without the ahimitmm foil attaclictl 

land pro)XTiy adjiiiited in the iwtli of the lH>am. so as to intercept 

no aide uf tt. The sliort focus lens L' is now UM'd to form a 

9 ud magnitied image of the edge of the fork u)H>n the slit. 

f tliia ample arrangement we bog that each chronograph 

1 beooines iU otrti thiif rtiyrd as well, and when once the 

vk and the lens L' are adjusted, the operator need have no 
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further concern daring a series of obeervations tipoii the same 
plate in regard to securing the time record, other than providing 
that the furk ehaU be vihrating at the instant an observation is 
to be luode, and this, too, is made entirely automatic and j>er- 
fcctiy certain of exceutiuu. 

Tlic available epace for otlier records upon the plate is now 
more than doubled, and thcru Is no possibihtj of assiwifttiDg tlie 
wrong fork record with anj particular gun record, but, if 
dettired, a long curies of uhBervatione can he taken witbont ever 
removing the plate holder froua the camera wlieel, and in regular 
succession from outside ijiwards, or vicf i^ersa, by simplj trav- 
«rsiug the rail slightly between shots by turning the traversing 
hand-screws provided for the purpose. 

Wlien it is desirud to use the camera in this manner without 
0l>erating the drop shutter provi(le<l, it is only necessary to 
eccure tlie shutter t^miwrarily in any jjosition, so that its open- 
ing R^ Fig. 47, shall urit-nver the slit, and to close entirely the 
round ojK-iiing for llic fork rc-rord on the opposite sido. nhown 
at -ff. Fig. 5U, shift the slides N and U until this obtains. 

To prevent tlie dayliglit of tlie room from fogging the plate 
through tlie open slit, mid it would have an especial opportunity 
if the slit should be exposed to it during several revolutions of 
the i)late before the gun was fired, it is desirable to ])ro\ide 
means by which the time between the instant at wliieli the gun 
is fired and the slit itself exposed shall be as short as posjiible, 
and fortunately this is accomplished very easily. 

All that is necessary is to pull a simple hand switch, which 
will dose the transmitter circuit, to admit the light through the 
tube upon the plate, at the same time that tlie primer circuit Is 
closed to fire the gun. The same battery which is used for the 
tul>e is also used to fire the primer. 

From this it is but a natural step to attach to this same lever 
the wedge which plucks the fork, and we have readied the point 
at which the whole oi>eration of taking with certainty observa- 
tions for velocities at any number of ])repared points either out- 
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hand 



Tlie lamp is kept adjusted and the camera wheel constantly 
iToWng, so that whenever tlie telephone from the pniving 
round aiinonnces that the shot can be fired, the chronograph 
l^rator accomplishes all with the simple act above deserilK-d. 
Furlhci^ore, Uiis plan permits of all thifi information being 
Tecord«] upon the plate by means of but tico liiie wirrs from the 
iironograph to the guit, which may be any desired distance 
pway, tiecauee tlie same wires may now serve for the primer 
iDi! traiiamittcr circuits, tlicy being olosed at the same time by 
tbe movement of the firing lever. By this means we have upon 
BKch rtcord the additional infonnation of the exact " time intei^ 
n^ " i>etween tlie making of the primer circuit and the instant 
file pnijoctile reaches the nmzzle or first prepared screen, which 
"time interval " varies for different guns, kinds of powder, etc., 
■id b a constant itsvlf of considerable importance, especially in 
MthI gnnnery from a rolling platform. 

Numerous tests were first made to prove by actual trials 
vhether, when tlie Micols were set for extinction, this served as 
k sufficient screen to prevent the powerful beam condensed down 
tfic tube from still l>eing able to fog the plate after a time snffi- 
tieut for several revolutions of the plate, as also to determine to 
what extent the ordinary daylight of the room must be sirreened 
off to st-eiirc dear records without traces of fog. The small 
, aUde windows in the wooden face cover of the camera are con- 
mient means of making the exposure by band when tlie inside 
a ahritt^r Ls not operated. 

Id Fig. fiS are shown some of the " combination records " by 

method described al»ove, in which the tuning fork 250 

^ngle) vibrations per second is employed. The plate was 

ivulved slowly by hand, which accounts for tlic saw tooth 

|>pcarance of the record. The exposure for this plate was 

e by the slide window alwve referred'to. 

Fig. 53 allows piirt of an actual velocity record by this plan 



» 
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Willi tlie 3.2' giin, in whicli the tuning fork 600 (single) 
vibrations per second was used. The four Beetioiia of the tube 
coi! were joined in senee, and a current of seven amperes used in 
the trauflinitter circuit to increase the amount of light tbrongh 
the analyzer. 

Second Metfiod. 

Another way to accomplish the result above described haa 
some advantages over the one just mentioned ; for this allows a 
tuning fork record to be taken as formerly. The former tuning 
fork records, with their tine intersection points by which meas- 
urcmenta are made, are difficult to improve upon, and some 
advantage is gained by retaining it. This may be done by 
having the shutter for the tuning fork record work independ- 
ently of tliftt for the chronograph reconl. The chronograph 
shutter is then left pennanently open, and only the Nico! prisms 
and tube used for a shutter as previously described. The 
gnivity shutter is used for the tunin^j fork, which is released 
when tho lever is pulled to liru tliu gun. This gives an inde- 
pendent time record as formerly, and if many exposures are 
made on the same plate care must be taken to be sure which 
records go together, 

The chronograph record, with the exception of the one wavy 
edge, will be the same as last described. The transmitter circuit 
is made with the primer circuit, and the " time interval " of the 
particular gun used is recorded on the plate as before. 

Some Chronoobapr Experiments with Alteknatino 
cuerents, 

The enormous commercial development of alternating cur- 
rents during tlie past few years has necofisitated a thorough study 
of the phenomena connected thereto. The great difficulty wliieh 
has stood in the way of experimentally recording by a continuous 
method, not a method by points, tlic instantaneous values of an 
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•ItcmBting electric cnrrent which is chan^Dg its direction 
hunUrodfi of times a second, at present constantly met with in 
practice, hss prevented in a great measure direct ex]>erimental 
«^'idciice beiug obtained to verify and corroborate many of the 
I ctrnditioDB which theory poiiito out should exist. 

This i!S[wriiiienial problem becomes mucii more diiScidt, 
[ when we attempt to determine and record what hapi>ens in a 
I circuit carrying an alternating curreot, when it is suddenly 
I mltureU in 6ume way, as, for iuetance, when it is made or broken. 
V Tlie fineiiiation of the current under varying conditions of the 
. (arctiit ii« tv its resistance, inductance, and csi>acity when the 
I circuit is made, lias l)een theoretically deduced when tlie electro- 
I motive force is truly hannonie, and tliis case is especially worthy 
r «f experimental evidence. 

Any " method by points " depends fnndamentally upon the 
|- SSppoAition that tlie fluctuations in current repeat tliemsclvee 
I exactly in Eucc<^«eive alternations, and evidently this is far from 
I being true for the iini>ortnnt cascs just mentioned. 

The employment of a continuoue method of recording, not 

Involving tlic movement of any piinderahh mutter^ and therefore 

wittioot inertia in the production of the record, which is the 

fundamental principle of tins chronograph, gives indications 

ther«?forc in accurate phase with the fluctuating current, no 

I nwtt^'r how rapid these changes may occur, and since the time 

I scale is aku accurately recorded upon the plate by means of the 

I tniiing fork record, we may consider each negative obtained as 

[ a qaalitative graphical representation of the varying current, 

inlomatically plotted in terms of the two variables, tune and 

I b true that the values of intensity shown are not to scale, 

■ tbe law of its actual intensity variation detinitely tliown 

, but, nevertbelesB, tlio main features of the 

linoorded, and tliese are more often all tliat are 

t Instance, whenever the current is zero there is no 

1 the tube solenoid, and consequently no 
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rotation of the plane of polarization of the beam, and therefore 
no light upon tLe plate. 

Between the points of 0° and SJO" rotation it can be said 
that the intensity of light which reaches the plate varies in u 
general way with the sine of the angle of rotation. As is well 
known, however, wliat has been said only strictly applies to 
monochromatic light and to the intensity of light which reaches 
the plate, not to the photographic record produced by it, since 
from the researches of Verdet and otherc it is known that the 
component rays of white light are rotated by a given magnetii; 
field in different amounts. This rotation depends not only 
upon the wave-lengtii, but upon the index of refraction of 
the particular medium corresponding to that wave-length, and 
also upon the rate of change of the index with respect to tliu 
wave-length. Furthermore, it is known that the actinic value 
in producing photographic resulta ia not the same throughout 
the spectrum, but ia richer in the blue end. 

Ttiese refinements, however, possess little significance when 
we are concei'ocd only with the gfjieral features of the problem, 
and care less about absolute values of the varjing em-rent as in 
the case at hand. 

Apparatm employed. 

The principal source of power for alternating current work 
at hand in the laboratory is a 300 light Fort Wayne ten-pt>le 
alternator, producing a difference of potential at its terminals of 
a thousand volts. By means of a bank of commercial traTisforni- 
era this voltage is reduced as desired for ordinary experimentnl 
purposes. An alternating source of ]Totential of about 300 volts 
was usually emjtloyed in the experiments to follow, as being 
safe enough to handle and high enough to secure good results 
upon the plate. 

This voltage was obtained by joining in series the secondary 
coils of five transformers ranging in voltages from 50 to 100, 
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their jirimary coils being as UBual eaclj coimecteU to the dynamo 
smiiis. A measured voltHge of 304 at normal speed was tiiiia 
Attained for use. The inductances of the secondary coils were 
BaeusURMl to he as follows : 

£ecuudary i 



il truufiformer No, 1 


.04.35 benrja 


No. 2 


.0831 " 


' " No. 3 


.0431 " 


No. 4 


.0605 " 


No. 5 


.1399 " 


Total inductance = 


0.3701 = S£ 



To obtain the reqniate number of ampere turns around the 

tsbe to produce good results for a given source of impressed 

lahernatitig E. M. F., it is necessary to consider not only the 

oliiuic resistances of the Hne and the coil itself, but also the in- 

dactanceH of the line, tninHfornier secondary colls, and tube coil, 

well as any capacity that may be present or introduced into 

e circuit. Acoirdin^i^ly, the source of alternating E.M.F. being 

Jrter m iDed, suitable transmitter coils were designed and made 

r these experiments, the constants of which are given below. 

Coil A. 



Site of copper wire, No. 36, single silk covered. 
Length of coil, 36. ti centimeters. 
Number of turns, 13670. 
BeuAtance, 1310 ohms. 
Iiidaetwice, .875 henrys. 

som of csrhon hUnlpbide tube for Coil A: 
Total length of g!af« tulie, 40 cms. 
Ootj^de diameter, 2 cms. 
Intdde diameter, 1,5 cms. 
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Coil B. 

Size of copper wire, No. 28, double cotton covered. 

Leiigtli of coil, 36.5 ceiitiiuetere. 

Number uf tunie, 11,168. 

lie^tance, 390 ohms. 

Inductance, 0.66 henrje. 
DimeusioDB nf carbon bisulphide tul>e for Coil B: 

Total length of ghif« tube, 39.5 cms. 

Outside diameter, 2. a ciufi. 

Inside diameter, i cms. 
The first experiments were to obtain records upon the camera 
platu of tliw siuiplu alturuating cnrreiit, and to note tlie effect of 
variations of K]»eed of the plate and width of slit upon the ap- 
p«Hnuic« of the record. Fig, 54 exhibits a number of such 
records and illustrates tlie variationg referred to. The speed of 
till' fpjncnitor Wii!7 mv\i timt the transmitter current liiid ti fre- 
quency of abont 137 penods per second, and to avoid drawing 
out tbo roconls too much, most of the exposures were taken 
with the camera wheel revolved slowly by hand instead of using 
the cloetric motor, 

\n the lijiure tliere are seven different exposures made on 
the wimo ]>lnte by moving the T-rail of the chronograph each 
tiiuo, so that tho beam of light strikes the plate at different dis- 
taiu-OB from the center. The espoeures are purposely made 
under dilloreut conditions, merely to illustrate the different 
jippeannu'e which the records assume. The circuit in each in- 
Miuice contains Coil B above deseril>ed, and the source of supply 
of current was the secondaries of five transformers joined in 
wries, givhig a total of 300 volts at frequency 137 complete 
alternations per second. Beginning at the outside, the records 
may Iw tlnis described. 

1. The camera slit was comparatively wide, the speed of 
rotation moderate. No condensers in circuit. 
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3. Slit same width, speed somewhat faster. Tliree con- 
densere ure tii»orted in series with the circuit, m^uug 
a caiKwit; of 4.785 micro- farads. 

3. Same circuit as 2 above, but camera slit is narrower. 

Spceil of )>iate is decreased. 

4. Same circuit as 3 above, slit wide, speed iiicreased con- 

cidernbly. 
6. Same circuit as 2 above. Narrowest slit of all. Plate 
moved very sluwlj. 

6. Same circuit. Very narrow slit. Speed moderate. 

7. No condeneere in circuit. Very wide slit. Faster speed 

of plate. la this case the plate went more than once 
around making a double exposure. 
Tlie ammeter- voltmeter nietliod was used to measure the 
inductances of the coils aliovo referred to, which may be illus- 
trated by the case of Coil B, 

The equation for current in a circuit containing an alter- 
■iBting elcetromotive force with resistance, inductance, and 
eapadtjr is 

(1) ' ^ 



I^i 



/^ 



+ 



_1_ 



-La>] 



I )n which the imiwdance J, is made up of two terms, the 



nio reaistaiice S and the reactance 



In the c 



eof 



|tB^ nnoc there is no capacity in the circuit, the reactance is 
f iodnctive and reduues to Lai. Making this simplifioo- 
1 ind aolring for Z, we write 






fn which Um Moond member contains only meaenrable qnan- 
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The nnguiar velocity to = 3sn, in which n a the namber of 
complete cycles per second. The speed of the generator was 
such tliat n=139 aitd w = 873. i'= Sl.S obtained from 
voltmeter reading at terminals of the coil, Ji = 390 dians, 
meueured hy Wlieatstone bridge. 

Since the current / was too small to be directly measured 
witli the alternating current ammeters at hand, resort was made 
to the voltmeter for the current value also. A non-inductise 
resigtance of 144 ohms, consisting of incandescent lanipg, wad 
joined in series with the circuit, and the voltmeter reading taken 
at the terminals of this resistance was =. 17.5. 

We then have 



/= 



17.5 



= 0.1214 amperes. 
Snbstitutuig tlieee meaeured values in (2) above, we have 

873 V .121i' 
= 0,66 henrys. 



i 



The capacity at hand for use in these experiments was a 
set of six commercial Stanley condensers, capable of standing 
continuously 500 volts alternating. These condensers were 
approximately alike, each having a measured capacity as follows : 

The six condensers were themselves joined in parallel, and 
then connected in series with an ammeter directly to the trans- 
former terminals. Equation (1) for this case, where H and Z 
are each zero, becomes 
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8uiitiItaneonfi ammeter and voltmeter readings gave /= 2.5 
and E = 304, and the speed of the alternator was snch as to 
luake 07 = 860. We therefore have 



- = 9.57 X 10-' farads, 



= 9.5" microfarads = ca{)acitj of six condenecrs 

.*. Ctpacit; of each coodeiiaer = 1.595 microfarads. 



ExTKBnatiTTa wos Ccrbents at the " 
uomc E. M. F. 



Make " fob an Hak- 



A namber of negatives were taken with the chronograph to 

Torify the reetdts of theory in the interesting case of "make" 

for an alternating cnrrent, or, in other words, to deteniiine the 

' «fffcl« n|>on die current during tlie very eliort interval of time 

•fU'r the harmonic electromotive force ie suddenly introduced 

\ into th« circnit. Transmitter circuits were made up con- 

I taining resistance, inductanuc, and capadty in varying propor- 

[ tions, and the effects rvcordcxi ou the plate upon making the 

I -circuit. 

When any electric circuit is closed, the moment at which 
I contact is made is usaally a very short iutervnl of time as 
1 with the period of altemntion of any ordinary alter- 
Evidently, then, the circuit may be closed when the har- 
6 electromotive force is at any point of its pliase, tliat is, it 
Fviay bo rcro, may have its maximam value, or any intvnnediate 
^Tftlne. 

The effect apon the flow of earrent for a given circuit is 
I to depend, among other things, upon the pliaso of the 
notira force at the instant the drcoit is made. Figs. 55 
\to M show some of the results where the circoit is made, which 
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are in accord with tlie indicationa of theory.* Figs. 55. 56, 
and 57 6how differeat exposures for a circuit includiug clirono- 
graph tnbe-coil B, the secondaries of tiie five transformers, 
and tlie six Stanley condensers in parallel witli each other 
and in series with the circuit, under similar circumstances c 
' ' make. ' ' 

The constants of this circuit were : 







Circuit L 






21 = 


0.37+0.66 = 1.03 


heniya; 




sc= 


9.57 X 10-' farada; 






2E = 


390 ohoia. 




^•= 


300 volte 


= 300 X lO'C.G.S. 


anita; 


Jt= 


390 ohme 


= 390 X 10' C.G.8 


units ; 


z = 


1.03 honiyB = 1.03 X 10" O.G.S. units; 


c = 


9.57 microfaradB = 9.57 X 10 


" C.G.S. unite 


a> = 


865. 







The general expression for the instantaneous value of the 
current flowing in any circuit containing resistance, inductance, 
and capacity is given by the equation 



(1) i = 



■/ij'- 



..inj»< + arc-taii(_L. rfg 



■'-S)\ 



+ ' 



■ + «,«"' 



in which c, and e, are arbitrary constants, and T^ and T, are 
the time-constants of the circuit. Usually tlie last two terms of 
this equation are not written, for when the alternating current 



• The discussion of currents at the " make " for an harmonic E. M. F. may- 
be found ia Alteroating Curreots, Bedell and Crehoie. W. J. Jobosloir 

Compauy, New York. 
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has reached a steady state the value of these terms becomes in- 
appreciable. This steady state is usually reached in a very few 
oscillations after the ''make," but in the present investigation 
it is the effect of these exponential terms at the '' make " which 
it is desired to study. The values of the time-constants T^ and 
T^ depend upon the constants of the circuit li^ Z, and (7, 
according to the equations 

2LC 



T.= 



T.= 






IiC+VRC*~-4:LC' 



It sometimes happens that the constants are such that the 
values of the time-constants T, and T^ have imaginary forms. 
This is the case when 4Z is greater than ITC. It has been 
bhown, however, that when these time-constants assume the 
inmtrinary form the two tenns at the end of equation (1) above, 
when taken together, may be expressed in a real form involving 
a sine function instead of an exponential one. This fonn may 
be written 

(2) A€-^ sin j ^HL^-^^ < + * I , 

where A and * are the arl)itrary constants instca<l of c^ and e^ 
alNive. The coefficient of i in this expression is ccjual to 2;r 
times the natural frequency of oscillation of the circuit, and if 
denoted by a, the above expression becomes 

(3) Ae *^ sin j «/ + ^ [ • 
Writing in equation (1) the abbreviated values 

(4) 1=- ''' 




The arbiti-ary constants A and * muet be determined accord- 
ing to the p)ijsicHl conditioiifi imposed by tlie problem. In this 
eqiiatioD time is counted from tlie moment when tlie immionic 
E. M. F. is zero. Pliysicaliy, tlie circuit may be closed at any 
iuBtaat, aud previously to the closing of the circuit no current 
ia flowing. One condition which determines tlie constants is, 
therefore, that whcu f = 0, £ ^= (, meaning by i, the time 
when the circuit is closed counting from when the E, M. F. 
IB zero. The charge Q of the eondeneer is also supposed to be 
?^ro when the circuit is made. The angle arf -|- fl in eqnation 
(ft) may be denoted by tf:, and if (t, denotes the valne of this 
angle when t = t,, then the equation may be written in full 
with constants determined according to the above conditions, 

m i-Izmt \ 2-f*'(-^^''"'-l)^"'V'.+_igg.^6in2^^;+l 
^ ' ^^ OP +'4X6'- /^-C" 

e ^ sin \ o-fi— (,)+180°+arc-cot— ^' ^ ( 

Physically, we may say, from an inspection of this eqnation, 
that the true current wave is the sum of two simple waves, each 
expressed by a siu<T]e term in tlic equation. The first is an har- 
monic wave, / sin '/', which is the final steady form to which the 
current approaches. This is evident, for the second term con- 
tains e, the Napcrian ba.=c with a negative exponent, so that as 
t increases the whole term rapidly decreases until its effect is 
practically nil. Tlie rapidity of this decrease is governed by 
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the vitluc of ^-y found in the exponent of e. llBuall; these 

Tuluiw are ench that the rate of decay is very rapid. The 
ooeflicieiit of €, which detenninee the magnitude of the iuitinl 
value of tliu logarithmic curve, is seen to de]>end largely upon 
the value of if,, that ie, upon the time i_, when tlie circuit is 
cloHcd. With thu same circuit and E. M. F. it is evident that 
very different results may be ohtuined hy closing the circuit at 
iltffvrcnt times. 

The whole second term repreeente a Bioufioldal curve having 
a logarithmic decrement, and this curve at the time t^, vheii 
t = 0, must therefore have ite initial ordinate equal and oitposite 
to tlu; value of the first term, /ein 4\ of the e^iuation iii order 
to Hatiufy it. When the numlwrs are eubstitnted in equation (7), 
reproscnliog the constunt^ of the circuit previously given, we 



<8) • = 0.493 ant — 0.2435 /OT 



'V 



'i\-{- 1.61 sin *2^-. + l 
, r2ooH6,+3.2a"| ) 



If Uio valne of /, is such as to make 0, = 0. this cijuation 



(») i= 0.498 Bin V' + 0.2+35€-' 



j 237(i 



" 8m } 237(i 



-o|. 



The plot of this equation ia represented hy curve (III). Fig. 

This curve i« made up of two eotnponent carves, one cor- 

xliitg to each tcnii of equation (It), the first term giving 

rvc (I) and the second term curve (II). The §um of thi-ee 

ft pveii curve (III), which is the resultant curve reprosont- 

( the nsMiItaiit current eiiuation (S). Cur%'e (I) is a sine curve 

1; a maidnitim amphtude of 0.403 amperes, and a [icriod of 

a.iWt^'h seconds corresponding to tlio imprL«s«»d fretjnency of 

Cnrve (11) is a sine curve with logarithmio decrement. 

[Jta period is compariitively long, Ix-ing (l,(i2H5 seconds corre* 
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Bponding to the e!ow freqnency of 3T.5 per second. The initial 
value of the logarithmic cnrre (IT) ia 0.2435, the coefficient 
of the eeconil tenu iu the eqaatioo, and tiie rate of decay b 
ileteniun««l hr the exponent ~- 189, soch that the ordinate ha« 

— of its luitttd vahie after 1/1S9, or .0053 of a second. Thb 

time-efHiBtant is indicated in the figure \>y a rertical line drawn 
at the distance 0.053. The phase of oscillation is eeen to be zero, 
that is, the li^arithmic oscillation begins with the zero value. 
Tliitf is endeut for another reason also. The initial value of the 
carve repreaentiug the second term mnst he equal and opposite 
to tlie initial value of that repre^seuting tlie lirtit term, since thoir 
iinm inugt give an initial value of zero for the resnltaiit current 
curve, to fnlHI the physical conditions. A sine wave curve (A^ 
in drawn representing the wave-length and amplitude of the 
oeciilatioo as it would be if not subject to the logarithmic damp- 
ing. It is of use in constructing curve (II) ; for llie pointe on 
curve (11) are fotmd graphicaUj bj diminishing the onlinate of 
tlte logarithmic curve at any point in the ratio of the ordinate of 
the sine curve at tliat point to its maximum value. The resultant 
curve (III) representing equation (9) b seen to have first a 
slightly larger wave than the normal wave, then a considerably 
smaller one, and the third wave very nearly coincides with the 
normal wave curve (I), so that beyond the fourth semi-]X!riod 
the disturbance due to the " make " has become imperceptible. 

An experiment with the same conditions of circuit in every 
respect, except that the time of making the circuit alone is dif- 
ferent, will give entirely different results, as before mentioned, 
de)iendent upon the phase of the E. M. F, at the instant of 
make. A number of cases liave been calculated from the 
equations and represented in Figs. 61, 62, 63, and 64. Tlie^e 
figures correspond to different thnes of make, or to different 
values of the angle ^, in the equation. The cases represented in 
the figures correspond to the values of Vi = 0°, 45°, 90°, and 
135° respectively. It is seen that the hiitial value of the 
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logaritlimic curve (IV) depends upon ^j. A curve (VI) is 
shown in the figures to indicate the value of the initial ordinate 
of the logarithmic curve for all values of ^,. This curve is the 
same in tlie four figures. Curve circuit I, Fig. 69, has been 
constructed to represent equation (10) below, which when multi- 
plied by the coeflicient 0.2435 gives the initial values of the 
logarithmic curve for different points of the phase. This curve 
shows the values of tf)^ which give maximum and minimum 
values of the logarithmic curves. These are seen to be neither 
the zero nor the ninety degree values of ^„ but the values 
70® 37'. 5 for a maximum and 166° 37'. 5 for a minimum. 

The equation of this curve, circuit I, is from equation (8) 
seen to be 



(10) y = 1/6.4 sin* ^, + 1.61 sin 2,i\ + 1, 

which might be written 



(11) y^V a sin' f, + h sin 2^, + 1. 

Differentiating (11) and equating to zero for a maximum, we 
have the condition tliat 



or 



2a sin ^, cos ^, + 25 cos 2^, = 0, 



a sin 2^\ + 25 cos 2^\ = 0, 



or 



(12) tan 2^, = - — . 

Applying this general condition for maximum or minimum 
to (10) above, we have 

tan2^. = -^^ = -0.504, 
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0, = 76° 37'.5 or 166" 37'. 5. 

TliG muximum and tlie minimmn pointB are thue 90° apart. 

Tbe f r&iuency of the oecillation of the sine wave represented 
in curve (V) is determined in equation (7) by Uie coefficient «, 
wliuse value is shown in equation (2). This depends upon the 
Constanta of the circuit only, and remains always the same for 
any circumstances of make for the given circuit. The fre- 
quency calculated for tliie case is 37. 5 complete oscillations per 
eeoond. 

Another important question is the phase at which the oscilla- 
tion witliin the logarithmic curve begins. This must be known 
in order to draw the sine curve (V) in proper position upon 
which depends curves (II) and (III). This relation is shown in, 
equation (7) to bo J 



(13) 



: ISO" -|- arc-cot - 



i- g cot 0, -j--ffit7aj -[ 



and it therefore depends upon f,. In the example just given, 
where f, = 0°, cot ^-, = 00. Hence the phase was 360°, or the 
same thing, 0°. By plotting equation (13) this general relation 
of the phase for any value of 0, is shown. 

To sum up what haa been said concerning tlie equations and 
figures in this case, the general equation (7) applies to any con- 
dition of circuit or " make." In the case of the particular circuit 
named the equation reduces to (8), which applies to any circum- 
stance of "iriake" for that circuit. The four cases repre- 
sented in Figs. 61, 02, 63, and 64 correspond to the four cases 
of "make" when ^', = 0°, 45°, 90°, and 135° respectively. 
These curves have four corresponding equations derived from (8) 
above. These equations are, first, equation (9) above, which 
applies to the case 0, = 0. The other three equations which 
have not yet been given are : 
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Ifor ^, = 45°, 

1(14) •=.493Bm04-.587e-™'-''' sin j 237{(— 0+332° 16' \ ; 
Ifor ^, = 90% 

l<15) i=. 493am 0+.662e-'""-V sin j 237(i-i,)+308° 34' \ ; 
lior^F, = 135"; 
J(16) •=.4»3Bin0+.4OO£-'«'-''' sin j 237((-«,)+386''49' j . 

Referring to the photographs shown in Figs. 55, 56, and 57, 

■it U seen in eoeh caee that the record starts witli a very small 

F spot of light, and next follows a very large spot, then a smaller 

one followed hy a larger, until they are finally equalized. £aeh 

figure ehtiwe two reproductions from the same plate, tlie small 

figure placed ju^t below tlie large one being the actual size of 

L the record as taken, and tlie large tigure is an enlargement 

■ from tlio smaller one. In the proceas of enlarging, the Jignre 

) rerereed so that the enlarged picture reads from right to 

^ aitanU sised one from left to right. These three 

md fairly well to thoee shown in the drawing, 

)g. M, vhere it ie seen tliat tlie resultant wave curve (III) 

I«xhlbit8 tlie same general saceession of waves, as shown in the 

■jriiotognph. 

Circuit II. 

At representing another distinct case corresponding to a 
I different circuit from that jnet ditwuseed. a view is shown in Fig. 
T 88 of the n»u]t obtained from a circuit tlie same as that pre- 
i vivosly described, except ttiat lialf the number of condensers are 
I used, making the capacity 4.78 microfarads. 

itef erring to etination (7) and substituting tlie valaes of the 
I for this second case, we obtain tlie etjoation 
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(17) «=0.560 tin ^-f-0.333 »'2.68 em' ^,+0.805 ail 2 *■,+! 
.—-.•d. j 39«(<-,,)+180-+ «,>«* - piie^iiM.'] I , 

wtiicb correfiponds to (S) abo\-e. 

Calcalating the raliKs of the radica] expre^ion for different 
values of i^',, a curve, circuit II, Fig. 69, corresponding to curve 
circuit I, of the first ca^ is conetmcted, which when mnltiplied 
by the coefficieiit 0.33^ gives tite initial values of the logarithmic 
curve for different puiute of the phage. The inaxiinum value of 
the logarithmic curve iu tliis case is 0.654, corresponding to the 
value i>. 680 of case I. Theminimum va]ueisO.:292, correspond- 
ing to 0,191 of the previous case. These values occur at the 
aiiglee V', = 74° for a maximum, and ^\ ■= 164° for a minimnm. 

The natural frequency of oscillation iu the circuit is increased, 
by UKiDg three condensers instead of six, to sixty -three complete 
oscillations per second, corresponding to the period 0.01586 of a 
second. 

The fonr cseee corresponding to the values of i&, = 0°, 45°, 
90", and 135° respectively are shown in Figs. 65, 66, 67, and 
68. These are represented by the equations : 

(18) For 0, = 0, 

i = 0.560 sin ^ + 0.332€-'»i'-M sin j 396(i-(,) i . 

(19) For (t, = 45°, 

i = 0.660 sin V + 0.5886-w-M sin j 396(i-0 + 317° 9' \ . 

(20) For f>, = 90°, 

i= 0.560 81110 +0.637e''«'-''>8in|396(i-(,) + 295°28'| . 

(21) For^, = 135°, 

i = 0.560 Bin + 0.411e-»('-'.>8in j 396(i-(J + 263°22' | . 

It is seen tliat the photograph, Fig. 58, which is a chrono- 
graph record using this circuit, has first, beginning on the right 
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Birf tlie enlarged view and on the left of the natural-sized one, a 
f BRwII e[>ot and then a second a little smaller, and the third larger 
uin tUo average and the rest »bont the avei-age. This eorre- 
|]a|M>i»U well with the drawing, Fig. 60, and to e<juation (19), 
|-vhere 1^, = 45°. 

Ftp. 59 and 60 are taken with the same circuit as above, 

f «x«'pt that the condenBere were entirely removed from the 

Leifpuit. Here the eulargt--d view and the naturei-sizcd one are 

|'«Bch read from the flame siile, namely, the left-hand ddc. The 

first wave alone appears larger than the normal, and tliey then 

«in« uniform. 

This alAo corresponds exactly with what is expected tlieoret- 
\ icail;. There is this difference, however, between the cases, which 
I interesting to note. There b no oscillation of the current at 
Ltiie " make," but simply a gradual change according to theloga- 
flithmic curve. The interesting feature is that this logarithmic 
irvc may have a zero value for a certain value of f^, white the 
' «ircait8 containing condensers have only minimum values. 



CONOLITSION. 

In closing this paper, which, in the sense that a chrono- 

I graph ba««d upon this new priniiple has now been constmcted, 

\ Itutalled, and tested in actual practice, naturally marks a distinct 

L atcp in tt« progress, we cannot refrain from submitting a few 

I ob«crvationii both upon its future field of usefahiess as a military 

I instrament of prc^-isioTi, and also some of a more general char- 

Lacter whicli have been especially emphasized during tlie progress 

'. the experiments. The experiments thus far recorded have 

irily been of a HUi>crficial character, iHicause it has been 

npoariblo for us to be together for but very brief periods at 

wide intervals apart. This accounts in part for lack of consec- 

QtircneM and systematic thnnnighnees of treatment, which is 

much to be desired in physical research. But in using the small 

fur available the object has l>een rather to indicate 
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the range of application of tliLs new iiistnuuent tlian to exhaust- 
ively treat any one application, in the hope that in the interest 
of science otliere having more time and facilities than ourselves 
may poaaibly be iniiiiced to work with it and discover new tielde 
for it^ ofie. 

Gunnery Problems. 

From on« point of view it may perhaps be said that tlie 
greatest difficulty which the ordnant* en^neer has to contend with 
hi that he is required to design and conetruct for a class of phe- 
nomena distinct in themselves, which are so rapid in tJieir action 
and effccta tbat all ordinary metliods and teste of material Cannot 
be relied upon for safe conetroctions without imcertatn and unde- 
termined factors of safety. Where the bridge engineer is sapplied 
witli accurate data the ordnante engineer is involved in more or 
lees theoretical hypotheses. At this time not only is the actual 
amount of pressure developed in a gun nndetenniued, but the 
progressive etfecte of this preseore apon the Tarions tnbee and 
hoops of a built-up gun are also mooted questions. 

The reason for this, it is needless to mention, is that, since 
there is no blow however sudden but which is progressive in its 
action, reliable experimental data are not obtainable, because the 
unit of time which can be reliably and consecutively recorded and 
measnred is too great for the class of phenomena involved. It 
seems, then, that throughout ballistic experiments, from the 
motion of the projectile even to the behavior of the carriage 
under fire, the tme essential element where the greatest error 
should occur in the data is in the measurement of the time. 

The Unit of Time. 

From a physical point of view it may be remarked that the 
time unit, unlike the units of length or mass, is in a sense a de- 
rived unit. Unlike the standard meter or gram, which can be 
directly examined, compared, and copied, we can have no direct 
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I 



L model of a eectnid, but must derive tLe imit second by observa- 
1 Ciuas apoD Che modon of eavae atandard body, sue]] as a penda- 
I loin or tlie earth. This proce£6 of obeerv-ing the motion of the 
1 atandard body involvee tbe recordiDg of tlie exact instant between 
I'iwu or more points of the motion of the body which snecessively 
P repeat tbcmfielTee. ITItiinattily, where we are concerned with 
very minute intervals of time, the reliability of the method 
depends largely upon the ability to produce a record of the phe- 
nomena at & difitauce as nearly aiinultaneoasty nith the occur- 
rence of the phenomena it£elf as poeeible. Diveeted of detail^^ 
it may be said that the etsential point of tliia chronograph, 
whereby it \& thonght a distinct advance ie made, is, that it places 
the reliable measurement of minnte intervals of time upon a new 
bana, and opens np in consequence a range of experiment hitherto 



£kterioT Velocities. 

Althongh not yet actnally accomplished with gnns of larger 
caliber for lack of oppjrt unity, yet there is no reason to doubt 
tbat ordinary exterior velocities can now be taken within a few 
fcwt of any of our modem guns regularly monuted in barbette 
or upon disappearing carriages. This will permit measure- 
ments, which have heretofore been limited to a proving ground 
on aceouDt of the great height and distance of ballistic screens 
wliicb would be necessary in front of a modern parapet, to be 
taken directly upon the parapet at any fort and at any dme in 
Qooneetion with the regular gun practice. 

Althongh tlio blast of a modem tugh-power gun is terrific in 
force, yet when the prepared points can be as near together as is 
doKircd, tlio problem is at onct- sliifted from the chronograph it- 
self to tlio distant gun, where it becomes a matter of constrnctiug 
nicli a ecreun frame as is found necessary by trial to withstand 
the bla«l, being always assured that whatever the projectile 
eauMs to happen in the transmitter circuit will be found faith- 
fally and aiTcurately recorded u]>on the receiverof tbe instrument. 




Par iMtoMB, AcR it bo wtm, if it b fotwd ueceseary, why ft ' 
e a &V &et n ie^llt snffidoit to bear three or 
t ctmUd not be oooEtmcted and made 
t bed-ploe fooiul&tioa npoo the parapet 
r of ftwr or five feet of the lengtli 
e mi At gBB «t &e ibszeIi: could not be pemmDeutlj- 
■ with pezfontioiifi sach as Nobel and 
Able Mipkjed a» be and for takn^ rdocities whenever de«iri?d. 
TUB WNld mK MMnridfy iBi[MU' t^ effioenc; of the gtin, and 

«eear aC Ifc* mm* cucisUf pr«pmd points, not onl; nonld the 
oloilibaaB be abiidged, fast the tnnfzaitter circuit wouI<I IfC 
euMphlB bj Uttehitg fienble vine to paroKDent lHnding-po6te 
■poa Aeaale ottim gno diase- 

FBrtboBkore^ liikee it has been Bbown in the case of the 3".8 
BeU f^ diat Ae Teiodtr of the projectile from the muzzle of 
d» ^D to • eoaaderable tUatanre aloo^ the tntjet^tory jxissi^ 
lhroDj;h s m&xitiiiim value, it -K-trit: ;:.;.■ -'a-.' :.,v:iuur^ .if " iiiiiUI 
Telocity '' should be more carefoIlT defined, especially as the ac- 
ceptance or rejection of a lot of powder from the manufacturer 
soiiietitues depend? npon a very few feet more or less of initial 
velocity shown under test. 

Interior Velocities, ete. 

Opportunity has not yet been presented for experiments 
with larger guns upon the motion of projectiles inside tlie bore 
of the gun — a stibjoct the inifxntance of which ip; nnqiiestioncd 
— since the chronogniph at the Artillery School is the only one 
as yet installed. 

As stated above, tlie problem to be attacked for these gtins 
is now at the gun and not at the chronograpli, and it is 1h))ich1 
that this work can soon be serloii.-ily taken ii]) at a proving 
ground wliere facilities for sy.'jtematic and foiitiiiiious work arc 
available. 
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Ik ma; be remarked that projectile velocities are greater tlian 
I of Riiy other body propyUod by engines mode by man, and 
experimental study of their motion is, in consequence, 
eorretpondingly diflicnit. To obtain observations soeh a^ have 
already been given in a previous paper npon experiments inside 
the bore of the Z".'i field gun, it was necessary to deal with a 
unit of time wliich bears about the same relation to a second as 
a second does to a third of an hour. In the case of the study 
of thu rceoil of gan carriagt'S or the motion of pistons in hydraulic 
cylinders in general, the velocities beuig inversely as the masses, 
thmi' motions are then so slow when compared with that of tlie 
' projectile, that they should easily yield to a thorough experi- 
mental treatment. 

Furthermore, if the motion of a projectile through the bore 
Q 1)6 determined by a direct dynamic method, a gnn would 
an a good physical a]>i)aratiis with which to study the laws of 
I the thcrmodyoamice of gases under adiabatic expansion. 

A Lahoratory Apparattig. 

The brief account given in this paper of the application of 
thi)) chronograph to the study of purely physical problems in the 
laboratory indicates, it is tliought, its usefulness in this field. 
The rapid advance which alternating currents and alternating 
enrrcnt machinery have made in the industrial world Las led to 
a thorough theoretical study of the subject, but the experimen- 
tal verification* have lieen attended witli difficulty on account of 
I the very rapid changea in current wliich must be continuously 
k^JoQowed and rpcordeil even with the lowest commercial frequen- 
This difficulty is multiplied when, as in the esi>erimeDta 
^ it ii attempted to follow what happens during the very 
irval after the " riiuke " of an alternating current in a 
ctrcoit containing varying condltiona aa to resistance, induct- 
anoc, and cajwutity. 

The design of a chronograph based npon tliis principle for 
geDeral phyucal laboratory purposes would probably differ in 
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eome respects from the one described in this paper, and poseess 
attachmente and adjuetmeute not provided for in this inetrnment, 
bat when carefnlly coneidered from this point of view, it is 
thought that this chronograph would prove a most nseful appa- 
ratoB in Uie egnipmeot of a physical laboratory. 



APPENDIX. 



A RELIABLE METHOD OF RECORDING TARLABLE 
CURRENT CURVES.* 



iNTEODtrcnoN, 



A pRAcmoAi. problem that ttas id more recent years presented 
itself to the electrician and phyeieist alike is: "How ehall we 
tneMnre the exact current which Hows in a conductor at any 
instant of time, and record all the irregular changes to which it 
is subject?" Probably every one who has thought of such 
mattere at all h&a considered this problem in some of the phases 
which it presents. The importance of the queetion, since the 
introduction and extensive use of the alternating current, has 
«mpIiMi2ed tlio fact that we need a " reliable mctliod " of meas- 
uring the instantaneous vulnes of a variable current, wltich is not 
» "method by points," but "a metliod which continuously 
reoords the current. " 

Under "a methixi by points" is inclnded any method in 
which the current is obtained from readings (usually of an elec- 
trusUUic voltmeter) due to the charge of a condenser which may 
ha taken at any point of time. The essential characteristic of 
the method is that the current is guppotrd to repeat itself ex- 
actly during Buccessivo i>eriodB, or more generally when the con- 
diliuiw are exactly repeated. There can be no donbt that the 

* A paper pnMinUd *t the Annual Haeiing of ihe Americu loultate o( 
Baeirtol Eoglaeen. PbUadelphU. Pa., H^ 17, 18H, by Dr. Crabore. 




ooDClitions, but 
Af repeat^ f By 
tfae time occupied 
of poiutfi pro])- 
■ 4^ ijhe eatf^tf during m ebort 
I «f a WBOtati, periispe. Yet liiia 
i «• W « «a7 mathH ud pntdcal one, and 
^ die mrrentf and potentmls 
I k of [Miaiuoaut ioijmr- 
Td aB «9 apa* dM Aii ** aictbai of points '' te tuo 
haw Bfi ftsy audden lem- 
t vUdi doee not rtfieat 
badS. Sadk, for Mrtaaef, w a iMMea "make." or '■ bivak," 
«r *•* cfcangf '* IB ^ absaiAn^ current wudM not be easily 
aknrn bj tU» iM B Aa d. The aeeond method, prerioasly dc^g- 
naled ^m mMod mUek tamlimmomlg neerdt the cvrrvtti,'' ta 
d» ooe to wUdi ilni papa- man paitkakrly refers Under 
thi" >•<?»•! are indntJe^i a]! metliMr wliirb sttcmpt to record the 
earrent by e»a^Dg it, atber directly or indirecdy, to more a 
maU'rial *• ^imeihini:" so tliat it? displace me lit is some eingle- 
valueii functi.-n ol the current. As an example of this inetliod 
may lie inemioned ibe well kno\m experiments of Frolieh in 
which a telepb*>ne U used, npon the disk of which is moniited a 
mirror that perniitr a beaui of liirlit to be reflected from it. 
Any vibration of the disk aives an anjrular motion to the ray of 
light, and this motion is in tnm recorded npon a moving photo- 
graphic plate. Other examples might be mentioned in illustra- 
tion of this method — for instance, a wire which is deflected in a 
majrnetic field or stream of mercury so influenced; but it will 
be noticed that in all of these cases an appreciable amount of 
fimdeTithU matter is required to be moved backward and for- 
ward during each reversal of the current. When the current 
revcrsoB hundreds of times i>er second the unavoidable difficulty 
is intro<luced tliat the forced oscillations of this [wndcrable mat- 
ter, no matter how small in amount, become so superimposed 
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npon those of the current wWeli it ia desired to measure that 
Uiej- are ioaeparably mixed together; and the record does not 
*h«w the true current, but the resultant vibratiouB of the iu- 
•nruiiient. That this is the case with the method of the tele- 

L phone nbove referred to has been established beyond a doubt, it 
•M'uie, by experiments conducted at Cornell Univereity by Mr. 
Jlcnry Floy. The current furnished to the telephone was care- 

I fully meaenrod by the "method by points," and care was taken 

' ki nee tliat the current as uieasurud by points was the same aa 

I tliat naed in the telephone. The vibrations of the telephone 

I did not even approximately agree with the current as measured 

I by wi-ll-viitablislied methods. 

ICcATing tlieee points in mind, and remembering the liigh fre- 

I qacticy of eome of the oscillations which it is desired to record, 
Uiny we uot witli some degree of certainty predict that any of 
these methods requiring the rapid motion of ponderable matter 
will b» open to precisely the same objections whidi are noticed 

' in the case of the telephone? AVithout answering this quoetion, 
probably all will agree that llie difficulty may certainly be 
■voided by using aa a vibrator, instead of this so-called *' ^wn- 

f d^rahlf matter," a vibrator tliat has no mass. It is to this ques- 
tion of finding a form of vibrator without mass that I invite 

i jrour attention. 



The Massi.ess Vibratok. 

ISiB idea of the maaalcss vibrator is perhaps already suggested 
1 Uw hntsa of light. But how Hliall we cause a beam of hght 
Elo llAvo a change in direction simply by means of a current flow- 
\ ing in a circuit without the intervention of some moving mat<i- 
[ rial ? A way of inilnentang a beam of light directly by an 
I electric current (or more pro|»erIy by its magnetic field) is that 
[ dlM.'urer«d long ago by Faraday. It is by means of the discovery 
1 of tho rotation of the plane of polarization by an electric current 
I that I propoM! a method of obtaining a niassless vibrator. Tho 



]8« 



explanation will be made clearer by reference to the diagram of 
apparatus (Fig. 70). A beam of light is |>a6Bed through a polar- 
izer (Nicol priera), bo that the vibrations of the beam take place 
in only one plane npon emergency. If it is then paeeed direclly 
tlirough an analyzer (NicoI prism) the latter may be set at such 
ftn angle ae to prevent al! light from pafi&uig through it, and thus 
produce darkness beyond the aualyzer. Faraday's discovery was. 



ACTUAL ARRAHQEMENT OF APPARATUS 




that if a beam of polarized light is passed through some substance 
in the direction of the lines of magnetization within that sub- 
stance, there is a rotation of the plane of polarization in a direction 
which is the same as tlie direction of the current required to 
produce such a magnetic field. The direction of rotation is 
unaltered, therefore, whether the light beam advances in the 
same or the opposite direction to the magnetization, so that a 
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besii) reUccted back find forth throagh the substance several 
tiinv*! lian its rutatiou iucreoeed by equal amounts eacli time. If 
tile tlinictiou o£ the ray of light is at rigiit angles to the line of 
nuf^ielizatiun there is no rotation prodnced. The ataoiuit of 
this rotation lias been earefully iuveetigated by Verdet, who an- 
nounced laws by wliich it may bo expressed. They are sninmed 
iij' iu the following statement: "The rotation of the plane of 
jxtlarizatioit for inoiiocbromatic light is in any given substance 
proportional to the difierence in magnetic potential between the 
{>oiiita of entrance and emergence of the ray"; that is, it is 
€i\ual to a constant times this difference of potential, and ia ex- 
pnssed by the formula 
(I) 8=vV, 

vhcre 9 = angle of rotation, Fr^ difference in magnetic poten- 
tial, aiid « for a given wave-lengtb is constant in any one sub- 
stance. Tbis constant is knoHm as Verdet's constant If now 
the light is passed through the iHjIarizer and then tlirongh a tube 
ooiitaJning the substance nse^l, aronnd which is wound a coil of 
wire, and thence tlirongh the analyzer, an observer would find 
cunipltito darkness upon looking through the analyzer, when set 
in the crossed position. But if without moving the analyzer a 
current is sent tlirongh the coil on the tulw, light appears to the 
obaerver. This b because the plane of pi.>larization has been 
mtated by the current, and practically the prisms are no longer 
rnwind Now let the analyzer be rotated while the current is still 
flowing, and the observer will see a series of beantiful colors 
tlirongh the analyzer, a different one for each petition of it ; but aa 
long MS tlic current flows, he cannot produce darkiieee again by 
any amount of rotation of the analyzer. 

The effwt suggests whnt is known to be a fact, that the dif- 
ferent wave-lengths composing white light ore rotated by the 
curn-nt in different amoutits, so that when the analyzer is turned 
to tlie aiigie corrwponding to the yellow light, say, only the yel- 
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low light is prevented from passing tbroagh tho analyzer. All 
the other rays, Ixting rotated by different ariioimts, pass through 
tho analyzer, and tliere being mixed togetiiej- they give rise to 
tlio aeries of heautifnl complex colors above mentioned. AdifEer- 
ent color is seen for each position of the analyzer, because in each 
position a different color is subtracted from white light, and tite 
observer sees what is left, or merely the coniplotueiitary color. 

The law which tells the amount of rotation given to the dif- 
ferent colors is pretty accurately known ; and tlieory in this case 
is in close accord with the observed factu. Tiie ecjuation which 
closely expresses tlie amount of the diispersion for the different 
wave-lengtha may be written 



(3) 



1--^ 



nd\r 



■wliere V ie the so-called Verdet's constant, X the wave-length, 
and n the index of refraction of the medium ; c is a constant for 

any one nieiiiiini, which is however for different media inversely 
piv^portiuual Ur Clie permeability of the medium. This is a 
formula at which Maxwell arrived from his theory of molecular 
vortices, and we shall see how closely it is in accord with obser- 
vation. We see by this formula that Verdet's constant depends 
not only upon the wave-length, but upon the index of refraction 
corresponding to tliat particular wave-IengtU, and also upon the 
rate of change of the index with respect to tiie wave-length. If 
this rate of change of n with respect to A is small, as would be 
the case with a substance where the dispersion is small, and the 
index of refraction regarded as approximately constant, then it is 
seen that the formula reduces to an extremely simple form, viz., 



(3) 



Here Verdet's constant is inversely proportional to the square of 
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the wave-length. Using this approximate form for the present, 
we see from Verdet's law, equation (1), that 

(4) 6^=vF=c.-j5. 

4:7tSi 

But the difference of magnetic potential, F, is — — — , where Si 
is ampere-turns, and thus we have 

(5) = ■^Ttc.Si /10\' = cJ/X\ 
where 

(♦>) c, = 4;r6\ aS/10. 

A reference to Fig. 71 will show this relation between angle of 
rotation, wave-length, and current. Several spirals are shown, 
corresponding to the several lines of the spectrum, known as a, 
B, I), F, and G. The radii of the circles which inter-cct these 
spirals are proportional to the current flowing in the circuit, 
while the angle which the radius, drawn to any point of inter- 
section, makes with OP represents tlie rotation for that particu- 
lar wave-length and current. The spiral 0.1 is in the extreme 
riMl, and OiJ in the violet of the speetriini, and the diagram 
thus in<licates that the re<l ravs are not rotated so much as the 
blue. The directi<m of rotation in the diagram is jis indiciited by 
the arrow. Now, returning to the observer looking through the 
analyzer, if he coidd resolve the light there seen into the pure 
colors of the sj>ectrum, what he shonM oxpe<*t would be, with no 
current, a complete s[>ectrum, since all rays are rotated by the 
current. But let him rotate the analvzer, and he finds that first 
one color and then another disapj>ears, an* I a dark hand is seen 
t«> move across the spectrum as he rotiites the analyzer. Again, 
let him rotate the analyzer to a certain angle and leave it there 
while he varies the current. He should expect that the band 
would move, and vanish entirely with zero current, and thus 
prevent observation for small currents. 



Fortuaately we have Bubstanccs which DftturaUj rotate a 
beam of polarized light, for by means of tJiis aid we may ob- 
viate the difficulty that the band vaiiishee with no current. For 
ingtance, a parallel plate cut from a crystal of quartz perpendica- 




lai' to the optic axis has tliis property of rotating the plane of 
polarisation. Quartz is selected for the material used because 
of its great transparency and liigh specific rotatory power. The 
law of the rotation is similar to that already mentioned for the 
rotation by the current. The approximate law is, tliat the ro- 



tatioD is 

be expreseed 
(7) 
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rereel^ aa Uie eqnare of the wave-length, wliicli may 

a 



= c,tf/A, , 



I 



where is the angle of rotation for the wave-length X , c, ie a 
constant, and e is the thickneee of the plate. The thickness of 
the cjnartz plate is se^i to correspond to the current in equation 
(5). Fig. 71 repteseBts the actual rotation for different thick- 
nesses of quartz, eacli circle corresponding to a plate one 
millimeter lliiok. The equivalent of a quartz plate one millime- 
ter thick IB represented approsimately by 35,700 ampere-turns 
wound upon a tube containing carbon bisulphide. This latter is 
the BDbstance need, being selected on account of its high trans- 
parency and specific rotation. 

If B quartz plate be placed between polarizer and analyzer, 
the effect is the same as if the current circulated aroNR^l the tube 
of carbon bisulphide, and we may, by rotating tlie analyzer, 
move tlie dark band completely acrostt tlie epectrnni by means of 
tbe quartz plate without any current. But suppose we set the 
aoftlyzer so that the dark band remains in the centre of the 
spectrum and then pass a current through the coil. We observe 
a motion of tliis dark band back and forth through the spect^nim 
M the current is repeatedly revergod. For any given current ita 
position is always tlio same, so that its motion may be calibrated 
by passing known currents through the coil. Have we not in 
this found a weightless vibrator that is sure to move in unison 
with tbe current? 

Before passing on to the more pracdeal nde of tbe qneetioa, 
it may be asked, will this band move back and forth so that its 
diiplacement is appronimatcly proportional to the current? The 
wuwer to this question lies so near at hand that yonr attention is 
invited to it for a moment. The rotation of the plane by quartz 
is approximately represented by the formula 

^ = e,«/A'. 



Tbe roCatiaii bjr the cnrrent ie repreeented hj 

If both tboao rotations take pbcw togetho-, die resaltant ia mere!/ 
the sam vf the eotnpoDeatB, and 



(8) 



X = # + *» = (V + c.Oji- 



'Hie portion of the dark bend depends apoa the position of the 
analyzer. Let the analyzer be set at some conreDient angle a, 
with the podtion of tmaiplete darkuess, and let it remain tliero. 
Then the ware-length or eolor where the dark band occurs fur 
the quartz plate (being called X J is given hj (7) above, aad we 
have 

m — ^.. J 

The wave-length ooneeponding to this constant angle tt, 
when both quartz and current are used, is given by (8), and we 
have 



(10) 



a={c,e + c,i) 



in which ^ is that wave-length corresponding to a certain current 
i, and tlierefore i and \ are co-ordinate variables. Equating 
the values of a, we have 



(11) 

This may be written 

(12) 



v = ^s+a;, 



and in this form the relation between wave-length and current 
is seen to be represented by a jwirabola. In T'ijr. 72 are ivjire- 
Bcnted two Beta of parabolas obtained from equation (1-2) by as- 
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« = 3 mms. the eet of parabolas marked i is obtained, and 1 

where c = 6 mms. eet ii is obtained. By giving \ different 1 

H Tslnee vro merely vary the parameter of the parabola witliout ^^1 

^h changing the origin. It will be remembered that A. represents ^^H 

^P that wave-length corresponding to the positions of the dark ^^H 
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Fl«. 78. 

bud for no current. It is therefore the vnlne of \ wjicn t is 
^_ equal t« rero, at) appears from the equation independently. The 
^H axi> of \ is the TCrtical line to the right of the figure, n]K>n 
^1 which the lettem i. b, etc., are written. Tlicse letters show 
^1 tiic jKMdtioii* of the various Frftiinhofer lines, and one paralwla 
^H ifl drawn for each line. Each paralxila then eorresi^ionds to one 
^^ aottiiig of the analyzer, and rlie dark hand is found at these lines 
^^b of Uw Bpeetrum for zero current. The iip[)er paraMa is at the ^^M 
^^^nil md, and the lower at the blue end, of the Hpe<-trum. The ^^H 
^^fXn of current ta the base line of the diiv^am, anil eurrente to ^^H 

Ibe Xtti of tlie vertical line are called negative, while those to the ^^H 



■iL tMfair lari v&fe tfac «f tb» oimnt, and for a gJTcn 
B piHk ^4 *A OMoaK Ifaw sA tt die aame paint, eo thit 

<tf th^ iiBiIta m^ b« pBfc w fc^ovs: 

■Aiiu tna 'WQ'lmgtfae are propor- 

(which is the case 

of a eoDcave grating), 

hannc 4f !*• Acfc hnd to one side or the other, 

HMfi^ vS DC VBBlijr Hxacuing to the shape of 

hm Bar li* an* pabtf ; Aat k, near the vertical 

A, % «^ afaiw ft appna liiat eadi parabola at 

4tmmm btm A« W^jta is avarlv a straight line, 

■■I ■ mA, • ^MtoBB will be luarlj propordoiul 



>«,te 



, emslj rmwtitd hj the gr^bieal con- 
» rhx ta a»f rw2 nul of the spertram. where the 
■w iiiiMii>iii «i am pHaaaa ■» ne i sub is liw greatest, the 

modoo of th« buid will be the greatest for a given cnrrent. 
It is uniierstooJ thiU this oonfCraodoD bag to do with the 
relation between the wav«-iength and the eorrent, and not be- 
tween the diiipUcement and i-nirent. unless the wave-length 
and di^placemeat are prvporriooaL It does not applj-, for 
instance, to the displaeemeiit in the epectroin of most prigmfl. 
In the priana used the red ravs were so crowded leather that 
the modon as observed w«£ neari^ the eame in the red as in 
the bine. The width of the band, however, is for this reason 
narrower in the red than in the blue — a consideration of cod- 
siderable practical importance. 

Descriftiok or Sous or the Affaratttb. 

The tnbe upon which the coil carrying the current was 
wotind was a glass tube 1.4 cms. internal, and 1.8 cms. ex- 
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temal, diameter, and 70.15 cms. long. The tube was tilled 
with carbon bisulphide, wliich was confined in the tube by 
means of two plane parallel plates of glass, each 1.3 mms. thick, 
fitted tightly upon the ground ends of the tube. Upon this 
tube was wound six layers of No. 18 double cotton copper 
magnet wire, occupying a length on the tube of 01.5 cms. 
The wire was wound so that 100 turns occupied 12.7 cms. 
Thus the total numl)er of turns, 2900, is very large, consider- 
ing the size of wire. 

The light used was sunlight reflected from the mirror of the 
heliostat. 

The Xicol prisms are two fine specimens which were obtained 
by Dartmouth College at a time when hirger specimens could be 
obtained than may now eai?ily be found. The slit does not need 
to l)e very narrow. A width of a quarter to a half millimeter 
will do l>etter than a narrower one, because mure light is admit- 
te<l to the photographic plate, and in passing through so many 
different substances even sunlight is rendered comi)aratively 
feeble by the time it strikes the photographic plate. 

A further description of the apparatus is hardly <leemed to be 
necessary, inasmuch as no claim is made to having obtained 
more than the most crude of first results, which may be the re- 
sulti* obtained by apparatus arranged in a comjianitively poor 
manner for the end sought. Yet the results obtaincMl se(»m to be 
60 promising for the future that the subject is presented to you 
at this early date in the experiment in the hoi>e that it may 
ftijon receive an impetus from other experimenters who have 
Ixjtter facilities than those at my disposal, and thus become a 
fruitful source of extending our knowledge of instantaneous cur- 
rent flow in conductors. 

The objections which most naturally suggest themselves 
against this method of taking current curves are perhaj)s the 
following. The photographic plate must move so quickly that 
tlie time of exposure of any one part of the plate is extremely 
short. To meet this demand the most sensitive plates tliat can 



be made sliould be used. The width of tlie band with any giTM ' 
plitte depends largely u}>oii the time of expoGore. Then, too, a 
plate is to bo desired tliat will photograph toward the red end of 
the speetmiu as well ae iii the blue. The band docs not poaseas 
wry diarp outltneB, but gradually shades off from dark to light. 

These objections do not have so much weight, however, in 
(rasos where the general direction of the variation of the current 
in what is wanted, more thau any exact measurement of iu 
amount, and in the majority of cases this is really what is re- 
quired, yet it caiiuot be said that in these preliminary experi- 
ments the band used was nearly as sharp as may be obtained. 

Another objection of a difiereut nature that seems difficult to 
avoid is the fact that tlie coil, which is wound upon the tube, 
must necessarily possess a small amount of self-induction. It may 
b^ «ud, however, tiiat even though we are prohibited from 
measuring certain currents on account of this self-induction we 
arc always sure that we are meastiring the exact current which ia 
Huwing through the coil. 



A MoBE Exact Expressioh of the Relation bktweeh the 
Wave-length and Verdet's Constant. 

The approximate relation between the wave-length and Ver- 
det's constant used above was that Verdet's constant varied in- 
versely as the square of the wave-length. It is considered of 
sufficient interest to inquire just how nearly this is an approxi- 
mate formula. 

By reference to equation (2) it is evident that if we only 
knew the relation between the index of refraction and the wave- 
length we might obtain the relation between the wave-length 
and Verdet's constant in terms of these two quantities alone and 
constants. 

Such a relation is afforded by Briot's formula, which is a 
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f 

modificatioii and improvement upon the well-known formula of 
Caachy. This is 

(14) l/n'=k\^ + A + B/V+C/V + . . ., 

where n is the index of refraction corresponding to the wave« 
length A, and k. Ay £^ etc., are constants for the given sub- 
stance. Assuming that all terms beyond B/X* are negligible, 
we may differentiate with respect to A. and obtain the equation 

Upon eliminating B/X^ between (14) and (15) we obtain 

(16) -^ = l-2*;i'V-^n' 
^ naX 

Substituting in (2) the expression thus obtained, we have 

(17) V = cn'(:2k + A/X'). 
But by (14) 

(1 H) n* = (U* + A + B/Xyt. 

Hence 

(19) v = c{2k + A/X'){kX' + A-\- B/X')' i. 

Tliis formula represents to a higli degree of accuracy the 
ohwnred values of Verdet's constant for carbon bieulpliide. It 
probably would for any other substances, but carbon bisulphide 
is the only one to which it has been applied by nic. The con- 
stants kj Aj and Bmaj be found by means of e<|uation (14) and 
the observed values of the refractive index for known wave- 
lengths. The values used are those observed by Messrs. Glad- 
stone and Dale. (See Olazebrook's Physical Optics, page 948.) 



L[>ia of SpecCnun. 


ladanor KstrBcllon 
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LlDeofSpectnim. 


indrji of Itetraulioi. 
for tHtboB Bisulphide. 
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C 65(13 
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These values give curve I, in Fig. 
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Pro. 73. 



H were selected and three simultancons equations formed from 
(14), so that the resulting curve ii should pass through these 
three ol)servcd points. 
The values 

(20) k= l.OS X 10-"*, 

(21) A = . 41384, 

(22) B= iorr>25n. 

were obtained l)y the determinant solution of these three simul- 
taneous equations. The resulting curve I may not appear 
to coincide very closely with curve II, bnt it must be renicni- 
bered that the origin of coordinates is a long distance below the 
paper, and the apparent differences are bnt a very small Iraction 
of the whole. The unit is the teiith meter for wave-lengths. 
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Having tliese constanto, tLey may now be eabstituted in 
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APPBKniX. 



The constant thus determined, where a minute is the anit of 

angle, ^ves 

(23) c= 310243. 

Using these constant* for equation (19), we obtain curve I, 
in Fig. Ti. The points marked X are observed values, and tlie 
calculated curve ])ractically pasees tlirough them all. 

Curve II ill this diaj^aui representii the approximate law 
that Verdet'a cougtant is inversely as the square of the wave- 
length, and the degree ol the approximation may be observed. 
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COMBINED CMRONOORAPH AND FORK XECORM. 
Tanloc Work ty, (tinckl Tlkmtoa* ptr ■tcdoI. 
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OKOORAPH RECORDS OF THK ALTBRNATINO CURRENT UNORN VARVtM 
CONDITIONS OP CIRCUIT AND SPEED OP PLATE. 
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JOHN WILEY & SOXS, 
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ARRANGED UNDER SUBJECTS. 

DmcrlpciTe drcuUn nent on application. 

B-oks marked with an asterisk are sold at net price* onljr. 
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AQRICULTURE. 
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Gardening, Etc. 

Armsby's 31&nual of CattU* Fet'tliug ISmo, f 1 75 

Dowuiug's Fruil and Fruli Trei-s ?vo. 5 00 
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Honcfcton'ii SihIf Hut Idlog— Wood, Iron. aoA Slo&e 4iq, 4 M 
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l«C(ur>i IZina, 1 S5 

World's ColiiiiibUri KximslifoT) of 1863 Jio. 8 60 

ARMY. NAVY. Etc 

Miutary Ekuixkriuko— Outautcft—Pvw* Ckaxorb, Bio. 
Bourne's ScrawpTciprllora 4iO. A 00 

BrotT''' Oidiiiiinr imj C'niiiuiTy Syo, ft CO 

BucknlU'e SabmariDe HIdm and Toqwdoea,. 6*0, 4 M 

Chose'a Screw Propellers Svo. 3 00 

Cooke s Siivftl Or.l!iauce 

Cionkhile's Gunnery for Nou-com. Officers 18 

De Brack's Ciiyiilry Outpost Dulits. iCarr.) iSroo. morocco, 2 00 

Dieu's Sc.Ulier'- Fii-st Aid 12mo. morocco, 1 25 

•Dredge's Modern Freudi Arlillery 4to, liulf morocco, QO 00 

Iteciird of tbe TniiisporUkiiou Eibibits BuildJog, 
World'sCuhiuibiiiuEi|iDsilionof 1893..4to,lialf 

Dyer's I.ighl ArliUery 12mo. 

Hoir^ Njivul TucUes 
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luipillss ItillisUL' Tikblf-i 

Handbook of Problems in Birect Fire 
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lfercur'8 AtUck of Fortified Places 12mo, f 2 00 

•' Elements of the Art of War 8vo. 4 00 

Metcalfe's Orduunce and GuuDerj 12mo, with Atlas, 5 00 

Phelps's Practical Marine Surveying 8vo, 2 50 

Powell's Army Officer's Examiner 12mo, 4 00 

Reed's Signal Service 50 

Sharpf'ti Subsisting Armies 18mo, morocco, 1 50 

StraiiHS and Alger's Naval Ordnance and Gunnery 

Todd and W hall's Pmctical Seamanship 8vo, 7 50 

Very's Navies of the World 8vo, half morocco, 8 50 

Wheeler's Siege Oi^ratious 8vo, 2 00 

Winthrop's Abridgment of Military Law 12mo, 2 50 

Woodhull's Notes on Military Hygiene 12mo, morocco, 2 50 

YottDg's Simple Elements of Navigation..l2mo, morocco flaps, 2 50 

ASSAYING. 

Smkltin(j — OuK Drkssixg— Alloys, Etc. 

Fletcher's Quant. Assaying with the Blowpipe.. 12mo, morocco, 1 50 

Furman's Practical Assaying 8vo, 8 00 

KunhardtH Ore Dressing 8vo, 1 50 

* Mitchell's Practical Assaying. (Crookes.) 8vo, 10 00 

O'DriscoU's Treatment of (Jold Ores 8vo, 2 00 

Ricketts and 3Iiller's Notes on Aasuying 8vo, 8 00 

Thurston's Alloys, Brasses, and Brcuzes 8vo, 2 50 

Wilson's Cyanide Processes 12mo, 1 50 

ASTRONOMY. 

PllACTlCAL, TlIKOUKTICAL, AND DeSCUIITIVE. 

Craig's Azimuth 4to, 8 50 

Dooliltle's Practical Astronomy 8vo, 4 00 

Gore's Elements of Geodesy 8vo, 2 50 

Michie an<l Harlow's Practical AMnmomy 8vo, 3 00 

While's Theoretical and Descriptive Astronomy 12mo, 2 00 

BOTANY. 

Gardening for Ladies, Etc. 

Baldwin's Orchids of New England 8to, 91 60 

Loudon's Gardening fur Ladies. (Downing.) 12mo, 1 50 
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BRIDOES, ROOFS, Etc. 
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Boiler's Hfglimj DrIdgM 8vo, 3 00 

• " Tliv TUaiDQi River Bi'ldge ....4tD, paper. 5 OO 

Barr's SlnwECE ill Brid^ra ......8tc^ S Stt 

Crctiore's Mecfaanlcg oC tbo Qlrder 6ixi. S OO 

Drvdge'B Tbamei Brill gea ? p>rt«, 

Du RciU'c ainuen in Fmiucd Structurai -tio, 10 00 
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Bridge TiuwM 8to, 4 50 

" Rouf Trumi-i 8to, 1 SS 

Hone's TnailM on Art^be* Sn, 

JalmKw'i Mixlern Fnuied SiroMuiW 4lo, 10 W 
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McfTlrosn A Jaceby'B TozIImkA of Roofs nnii BHilgM. 

Putt IL, Graphic Statics Svu, S 50 

Slem'iiiau & Jncobys Test-liook of Tloofs and Briiigta. 

Part III.. Bridge Design 3vo, 6 00 
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Part IV.. Ciiiiliuuous, Draw, Cantilevei', Suspension, and 

.Xrt'litd BridgL-s {In prepiiratioii). 

' MiTi«>iL's Tlie Jl.rapbls Bridge Oblong 4lo, 10 00 

Wiulileirslrou lligbvvHy Bridges 8vo, 4 00 

WoiHls Constniclion of Bridges and Roofs 8yo, 2 00 

Wriglits Designing of Draw Sjians 8vo, 2 50 
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Ailriiince's I.al.oratorj- Cab' iilul ions 12mo. 1 2.1 

AlKu"s T;ibles for In.n Aualysis 8»o, 3 00 

Aii>kir^ N.'ii-s foi Cbeniica! Students 13nio. 1 50 
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Clftssen's Analysis by Electrolysis. (Herrick.) 8to, 

CrafU'H Qualitative Analysis. (Scliacffer. ) 12mo, 

Drecbsc'l's Chemical Reactious. (Merrill.) 12mo, 

Freseoius's Quautitative Cbeniical Analysis. (Allen.). 8vo, 

" Qualitative Cbcmical Analysis. (Jobnson.) 8to, 

Gill's Gns and Fuel Analysis 12mo, 

Hammarsten's Pbysiological Cbemistr}' (Maudel.) 8vo, 

Kolbe's Inorganic Chemistry 12mo, 

Handel's Hio-chemical Laboratory 12mo, 

Hason's Water Supply 8vo, 

Killer's Chemical Physics 8vo, 

Mixter's Elementary Te.xl-book of Chemistry 12mo, 

Morgan's Principles of Mutbcmaticnl Chemistry 12mo. 

•' The Tlieory of Solutions and its Results 12ino. 

Nichols's Wutcr Supply (Chemical and Sanitary) 8vo, 

O'Brine's JjilM)rat()r}* Guide to Chemical Analysis 8vo, 

Perkins's Qualitative Analysis 12mo, 

Pinner's Orgjinic Chemistry. (Austen.) 12mo, 

Ricketts and Russell's Notes on Inorg:inic Chemistry (Non- 
metallic) Oblong Svo. moHK-co, 

Schimpfs Volumetric Analysis 12mo, 

Spencer's Sugar Manufacturer's Handbook . 12mo, morocco flaps, 

8tockbridge's Hocks and Soils ^vo, 

Troilius's Chemistry of Iron 8vo. 

Wiechmann'M Chemical Lecture Notes 12mo, 

•• Suipir Analysis 8vo. 

Wixlllng's Inorganic Phar. and Med. Chemistry 12nio. 
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Hill's Shade:> and Shadows ami Per>iH*ctive Svo, 2 00 
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Kinematics Svo. 5 00 

Meidiauical Drawing Svo, 4 00 
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Smith's T<»pogniphind Drawing. (Macmillan.) Svo, 2 50 

W*rren'« Descriptive Geometry 2 voU.. Svo. 8 50 
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Benlaiiiln* Voltaic Cell 8»o, 
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" Xotes ami Examples in Mcrliuiiirs 8vo, 
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Nichols's Water Snpply(Clipniiciil nnd Sanitary) Svo. 2 50 

RiilIuerBlmprovennnit for Xoii-liiliil Rivers 8vo, 1 2.") 

Wegniaiin's Water Supply of the Cily of Xew York 4lo, 10 DO 

Wdsbncb'B Hydraulics. (Du liois, ) 8vn, 5 00 

Wilson's Irrigation Euginceiing. Svo. 4 00 

Wolff's Wiminiill as ii Prime Mover 8vo, ;( TO 

Wood's Theory of Turbines Svii, 3 50 



MANUFACTURES. 

AlUMJIE— B<IILER»— EXPUHII VEH— Iro!I— SrOAR— W ATCIIKS — 

Wo<>LLB3c», Etc. 

Allen's Tables for Iron ADAlyiis ^ 8vo, $8 00 

Beaumont's Woollen and Worsted Manufacture 12tiio, 1 flO 

Bollaud's Encyclopoedia of Founding Terms ISmo, 8 00 

Tbe Iron Founder 12mo. 2 00 

*• •• •• *• Supplement 12nio, 2 50 

Booth's Clock and Watch Makers Mimual 12mo, 2 00 

BoQTier's Hundlx>ok on Oil Painting 12mo. 2 00 

Etssler's Explofttves, Nitroglycerine and Dynamite 8vo. 4 00 

Ford's Boiler Making for Boiler Makers 18mo. 1 00 

Metcalfe's C«»8t of Manufactures 8to. 5 00 

Metcalf *s Steel— A 3Ianual for Stct^I Users. 12m(^ 2 00 

Keimaun's Aniline Colors. (Crookes.) 8to, 2 50 

♦ Ileislg's Guide to Piece Dyeing Sro. 25 00 

Spencer's Siipir Manufacturer's IIandlM)ok. . . .12mo, mor. tlnp, 2 00 

Svetlelius's Handbook for Charcoal Burners 12mo, 1 50 

The I^thc and Its Uses 8vo, 00 

Thurston's Manual of Steam Boilers 8to. 5 00 

West's American Foundry Pmctice 12mo, 2 50 

•• Mouldti's Text lKK>k 12mo, 2 50 

Wiechmann'M Sugar AnalysiM 8vo. 2 50 

Woo<ihury'H Fire Pro!««<'!ion of Milh 8vo. 2 50 

MATERIALS OF RNQINEERINQ. 

STRKNtiTII— Kl.AHTICITY— RkSIHTAXCE, EtT. 

{See iil*o KNr;i7{EKKiNO. p. 6.) 

Baker's Masonry ConMnictinn 8vo. 5 00 

Beanlslef and Kmt's Strenirth of Wrought Iron ^vo, 1 50 

B«)Tey'j» Strenjrth of Materials Svt», 7 50 

Binr'j* ElnMi icily and UesiManre nf Materials 8vo, 5 00 

Byrne's Hi^rhway ConMniriion Svo, 5 00 

CanHMiier's Testing Marhincs and MethcMl-* of Testing Materials 

<'liurrirn Mechanic's of Kn^dnwring - S..lid» and Fluids «vo. 6 00 

Du Hois** Stresses in Framed Sinirtnres 4to, 10 00 

IlatflrId'sTninsvers<» Strains 8vo, 5 00 

JnlniMin''* MaterinN «»f CimMrnrtion Svo. ft OO 
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Menfll'i Scono lot ])nIbBits i 
llcrrtinu'n MediBDics of tUtniali . 

PwiiHi'i Tnatiw Du F^unibUwu 9m. 8 00 

Riickwdl'* fU«(lf Bsd PammeouiB FtHwa 19mo. 1 SS 

BpaldlDs^ nooda ud Pkiwaenn.. i£m», 3 00 

HjrdTMlIeOMMBt ■■•*'■•■•» .tSiM)^ 

Tliumou'a )I.it>ri*U of CuouructlMi. 8vn, & 00 

TlHinioa'* MairTlakof Eogfuevrlng $«ok., Sra, 8 OO 

ToL I, Nou-iaeiallic .8tt\ 9 00 

Vol. II., Iron awl Steel 6n, t» 

Yol. nr, Altoj-B. BraM». and Bronm 8ni, SCO 

VeyniMh'* Strength of Iron and S«m1. tDu B^a.) Sn^ 160 

Voud ■ RadrtBim of MslciUU Sto. t 00 

MATHEMATICS. 

CAlCiri.C»— QBOMMTRT— TmOQHOlORST, BlC- 

Balter'a Elliiitto Punctiosa 6ra, 1 BO 

flttlln/a'aPj-ramldProUeai 8vo, 1 SO 

IlnPtirird's PyraiiiiJ PniMtm 8to, 1 31) 

lti«'s UiHtri'ulial Cnlculus. ISino, 4 00 

Brigg's Plane Analytical Geometrr 12mo, 1 00 

CbaixuaoB Theory of Etiualioua 13mo, 1 50 

Cbesitin's Elements u! llic Theory uf Fiinctitins 

Comptoii's Logaritliniic Compulations I2mo, 1 50 

Craig's Linear Diflercotul Equations Bvo, 5 00 

Davis's Inlroduclion to the Logic ot Algebra Sto, 1 SM) 

Halsled's Elements of Geometry Sto, 1 75 

Sjntbelic Geometry 8vo. 1 60 

Johnson's Curve Truciug 13mo, 1 00 

Differeutiul Equations— Ordiuury and Partial Sto, 3 50 

" Iiilegial Calculus 12nio, 1 50 

" LeasI Siiviart-s 12mo, I 50 

Ludlou's LogaiilhniicBEd Oilier Tables. (Bass.) Svo, 8 00 

Trigonometry with Tables. (Bass.) Sto, 3 00 

Slahaii's Desciiplive Geometry (Slonc Cutlizjg) Sto, 1 50 

Merrimaii and Woodward'a Iliglier Mathematics Svo, 5 00 

Merrimnn's Method of Least Squares Svo, 2 00 
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Pftrker*8 Quadrature of the Circle 8vo, |2 5(V 

Rice and Johnson's Differential and Integral Calculus, 

3 vols, in 1, 12mo, 2 50 

" Differential Calculus 8vo, 8 50 

" Abridgment of Differential Calculus.... 8vo, 150 

Searles's Elements of Geometry 8vo, 1 50 

Totten*s Metrology 8vo, 2 50 

Warren's Descriptive Geometry 2 vols., 8vo, 8 50 

Drafting Instniinciits 12mo, 1 25 

Free-hand Drawing 12mo, 1 00 

" Higher Linear Perspwtive 8vo, 8 50 

Linear Perspective 12mo. 1 00 

Primary Geometry 12mo, 73 

Plane Problems 12m(>, 1 25 

Plane Problems 12mo, 1 25 

** Problems and Theorems 8vo, 2 50 

** Projection Drawing 12mo, 150 

Wood's CoK>rdinate Geometry 8vo, 2 00 

" Trigonometry 12nio. 100 

Woolf's Descriptive Getmu'lry Royal 8vo, 3 00 

MECHANICS-MACHINERY. 

Text iMM»Ks and Piiactical Wouks. 

{See also Knoinreiuno, p. 6.) 

Baldwin's Steam ITeating for Buildings 12mo. 

Benjamin's Wrinkles and Ueei|K*s 12mo, 

Carpenter's Testing Machines and Methtxls of Testing 

Materials Hvo, 

Chordal's Letters to Mechanics 1 2mo, 

Church's Mechanics of Engineering 8vo, 

" Notes and Kximiples in Mechanics 8vo, 

Crehore's Mechanics of the Girder 8vo, 

Cromwell's Belts and Pulleys 12mo. 

" Toothed Gearing 12mo. 

Compton's First Lessons in Metal Working 12mo, 

Dana's Elementary Mechanics 12mo, 

Dingey's Machinery Pattern Making 12mo, 
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2 00 


2 00 


6 00 


2 00 


5 00 
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1 50 


1 50 


1 50 
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Di-eU^'s Trnus. Exiiililis Dullillng, World Rxposltion, 

410, hsU moTnc<».tl5 00 

Du Bols'» MoclinDlcs. Vol. I.. Kliicnuiilcs Bvo, 8 SO 

Vol, 11. SlAllps 8to, 4 00 

Vol. HI. KiuetlCB 8to. 880 

PIlKgeralil'H Diialnn Mncliloht I^IIID, 1 00 

Plutli«r'ii Djriiniuumewn ]3mo, 3 00 

Rope DrUluK..,. ISmo. fl 00 

Hull's CV I.nbrlcBtlon ISmo, 1 00 

HoIlj-'« Saw filing Ifiino, VI 

Lanxik'H .VppKtul Mcdisntai 8vo, T SO 

MwCord'M KlnomiitlM. 8»o. 5 00 

Mftrriraiiii'B MecUaiiicH uf Hnterlals 8vo, 4 00 

Metcnlfe'a Co«l of Mnntifnplurea. 8vo, 8 00 

MicUle'sAmilyiloilMecUiiutcs .8to, i 00 

Mowly's Mccliiuitcnl Enginooring, (MobiLii.) .8to. 5 00 

Rtclinnla'H Cornvrowml Air 12mD, 1 SO 

Robiu.oii"iiPriiidple»of Heclmuisin 8vo, 8 00 

Smlili's Prea*. working of Mpinls Bro, 8 00 

The Lailioaiid lis I'm* Bvo, 8 00 

Thiiratoji's Frlotion mid Losl Work 8»o, 3 00 

Tho Animal OS n Mftcliino 12iiio, 100 

Warren's Machine CoDstruciiou 3iols.,8vo. " 50 

Weisbacli'sllydruiilicsauil Hydraulic Motors. (Du Bois,),.8vo, 5 00 
" Medinuics of Engiueeiiiig. Vol. III., Pari 1., 

Sec, I. IKlt-iii.) 8vo, 5 00 

Weiabacli'B Mechanics of Engiiieering. Vol. IH., Part I., 

Sc!C.ir. (Klein.) 8vo, 5 00 

Weisbacli's Steam Engiiiea. (Du Boia.) 8vo, 5 00 

Wood's Aiinlylicftl Mcihanics 8vo, 3 00 

" Elemeulary Mechanlca 12nio, 1 35 

" ■' " Supplement aod Key 1 85 

METALLURQV. 

iR.Kj-GoLD-Sii.vEa-Ai.LOYi', Era. 

Allen's Tables for Irou Analysis 8vo. 3 00 

EgluBl.m's Gold mid Mercury Hvo, 7 50 



♦ 



K^^estoii's Metallurgy of SiWer 8vo, $7 50' 

* Kcrrs Metallurgy — Copper and Iron 8vo, 15 00 

• * •• Steel, Fuel, etc 8vo, 15 00 

Kunhardt's Ore Dressiug in Europe Svo, 1 60 

Metcalf Steel— A Manual for Steel Users 12mOy 2 00 

0'Dristoir» Treatment of Gold Ores 8vo. 2 00 

Thurston's Iron and Steel 8vo, 8 50 

Alloys 8vo. 2 50 

Wilsou'a Cyanide Processes 12mo» 1 60 

MINERALOGY AND MINING. 

MiKK Accidents — Vkktjlatjon— Ore Dkushino, Ktc. 

IWard's Ventilation of Mines Timo, 

Boyd's Resources of South Western Virginia 8vo, 

'* Map of South Western Virginia Pocket-book form. 

Brush and Penfield's Determinative Mineralogy 8vo, 

Chester's Catalogue of Minerals 8vo, 

** Dirtionarv of the Names of Minerals 8vo, 

Puna's Amerirnn IxK*alilies (»f Mlncnils Hvo, 

Descriptive Mine nilogy. (E. S). .. .Svo, half morocco. 

Mineralogy and Petn»graphy. ;.T. D.) 12mo, 

•• Minerals un<l How tn Sindy Them. (K. S.) 12mo, 

TexilH>i)k of Minenili»jry. i K. S. ) Svo, 

•Drinker's Tunnelling, Kxploni ves. ('oni|>oundH, and Ro<-k Drills. 

4to, half morocco, 

Egleston's CatJilo;:ue of Mincials uiu\ Synonyms 8vo. 

Kls.'-lcr's E\T»l««Ives — Xilroirlvciriiie :iiid Dvnamitc Hvo, 

OofMlycar's Cojil Mines of the WcMerii Coast I'imo, 

Hussak's HiM-k funning Mineral**. (Smith.) 8vo, 

ThlM'mj's Manual of Mining 8vo, 

Ktitdiurdt'A Ore Dressing in Eurojje 8vo, 

O'DriHcoll's Treatment of (loM r)ns 8vo, 

Hoscnhusclfs MicnjHco|iicai Physiography of Minerals and 

Hocks. Jddingn. t Hvo, 

Sawyer's Accidents in Mine?* 8vo, 

m 

St ^rkbrid i^i's Rocks and Soils 8vo, 
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3 50 


1 25 


3 00 


1 00 
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1 50 


8 50 


25 00 


2 50 


4 00 


2 50 


2 00 


4 00 


1 50 


2 00 


5 00 


7 00 


2 50 



'Wnilams'* Llthology 8ro. |S 00 

WSIaon'B Minu VeoilUUou l«nio. 1 2J 

STEAM AND ELECTRICAL ENGINES, BOILERS, Etc. 

Btationakt— Matctkk-I.ucdmotit^— <JAA £sii>MiE. Etc. 
(Hm alto GHniNKKBrao, |v 9.) 

BdMnia'B Bhnm He&Uug [(IT Buildlugn Vixao. 3 dU 

Cierk'a Oaa Engine 13mo, 4 00 

Foiil's Boiler Alakiug for Botlcr Makers 18mo, 1 01) 

Hcmeuwuj'Klndlcfttur I>MCtic« ISmo, S 00 

HoiKllijy'B Wftrm-bWt yiiniiico 8vi>, 1 80 

KuoiiBBB Pncitce aod Thwi; of the Injector 8»i>, 1 W 

MncCurd'a Sliik YhIto 9to, 

• Msvr'n MaflDc Engines Folio, half morocco, 19 00 

Mi'yBr's MoUeni liOcmiiotivo Coiimmcllon i\i>. 10 00 

Pctibud]' nnd MlUcr's Sleiim Boilers ^vn, 

Peabody'e Tablea o( 8»lural*,l Sleam ,8vo, 1 00 

" Tliennodyit>tnl(M ot tlie Steam Engliie., 8vo, B 00 

" Talva Oonrs for the t^uuin £BKin« Sto. S 50 

Pmy'a Twenty TeHrEwilU [be IiidiCBtor Royal Bto. S M 

Pupln and Oatcrlierg'a TUermodyu&LUica ...., X'lotQ, 1 25 

Reagua's Sleam acil Eleolricnl Lricomotlvcs 12mo, 2 00 

RUulgtu'a TbeimodyuimTcs. (Du Bois.) 8vo, 5 00 

Siudidr's Locomotive Riiuuiug 12nio, 2 00 

Thurston's Boiler Explosion l2mo, 150 

Eiigidonnd Boiler Tiiuls 8vo, 5 00 

Maniml of the Steiini Eugine. Part L, Structure 

mid Tbeory 8vo, 7 50 

" Maouul of tbe Steam Eugine. Part IL, Design. 

CoDslructiou, imd OporatioD 8vo, 7 50 

2 pnrta, IS 00 

" Philosopby of ILc Sttnm Engine 12mo, T5 

" RtUection ou the Motive Power of Heat. (Caruot.) 

12uio, 8 00 

" Stnlionarj- Steam Engines 12mo, 1 50 

•' Sli'um-boili-T Construction and Operation. ...,.8to, 5 00 



8pADgler'8 Valve Gears 8vo, |2 50 

Trowbridgc'8 Stationary Steam Engines 4to. boards, 2 50 

Weisbach's Steam Engine. (Du Bois.) 8vo. 5 00 

Wbitham's Constructive Steam Engineering 8vo, 10 00 

Steam-engine DeMgn 8vo, 6 00 

AVilxon's Steam Boilers. (Flather.) 12ino, 2 50 

AVf mmI's Thrrmodvnamirs, Heat Motors, etc 8vo, 4 00 

TABLES, WEIQHTS, AND MEASURES. 

For Ac'TfARiEH, CiiKMittTH, Knoinkeu^ Mechanics— Mktuic 

Taulks, Etc. 

Adriancc's Laboratory Calculations 12uio. 1 25 

Allen's Tables for Iron Amilysls 8vo, 3 00 

IJixby's Gnipbical Coiiijmting Tables Slieit, 25 

Coniplon's Logarithms 1 2nio, 1 50 

Crandnll's lUilway an<l Earthwork Tables 8vo, 1 50 

Eglestou's Weights and Measures ISniu, 75 

Fisher'b Table of Cubic Yards Cardboard, 25 

Hudson's Excavation Tables. Vol.11 8vo. 100 

Johnson's Stailia and E:irthwork Tables 8to, 1 25 

Ludlow's Logarithmitr and Other Tables. (Bass.) 12mo, 2 00 

Thurston's Conversion Tables 8vo, 1 00 

Toltcn's Metrology 8vo, 2 50 

VENTILATION. 

Steam Heatixu— House Lnsi»kction-— Mine Vkxtilatiox. 

Baldwin's Steam Heating 12mo, 2 50 

Beard's Ventilation of Mints 1 2m«», 2 50 

Carpenter's Heating and Ventilating of Buildings Svo, 3 UO 

Gerhard's Sanitary House Insi>ertion Sijuare lOino, 1 <)«) 

Mott's The Air We Breathe, and Ventilation 16mo, 1 00 

Reid's Ventilation of American Dwellings 12mo, 1 50 

Wilson's Mine Ventilation 16mo, 1 25 

niSCELLANEOUS PUBUCATION5. 

Alcott's Gems, Sentiment, I^anguage Gilt edges, 5 00 

Bailey'a The New Tnle of a Tub Svo, 75 

15 



Ball&idsSoluilou o( UiePyrainiiJ I'rnbkm... 8to, fl 9 

Uarimnl'aTlii: MclroIogkAl Sj»l«moriLe GnnlP)-mi]IiI..8TO, 1 50 

GuMnou'fi Qcciiogirail Guide-book of tiie Rock? Uountalus. .8v<i. 1 50 

Periel'ii Trentl»o oil ilii! Winds avo. 4 00 

Mcti'n The Fillocy of tlie Present Theory of Sound . .8q. lamo. I 00 

Peiklus's Cornell ruivcrBily Oblong 4tO, 1 51) 

lUrkotli'a nUloiyot Ucasaelaer Polytccliutr Initllnte Svo, 8 00 

nolharbain'a The New Tnlnmeal. Critiuallr Etupbubke<t. 

12mo, 1 SO 

Toltu'j's Au Imporlanl QuesUon In Mcirologjr. Svo. 9 SO 

Whiiehonsv's Lake Mofris P«l>«r, 2S 

'Wilcy'a YoaemiU, Alnaka, and Yellowsloiie Ito. S 00 

HEBREW AND CHALDEE TEXT-B00K5. 

Fon ScnooLs and TvBuuiatcAi. SsxixAiiuce. 
GcwuIiik'h Htbrew and Chaldtw Lexicon to OM TMlanient. 

(Trcgcllci.) Rm&II ltd, linlf morocco, H W 

Oiei'D'8K1cm<'ntai7 ncbreir Orammar ISmo, 1 S5 

Onminiur of tlj« Bebrew LaugUftE* (New EdhioB).9vo. 8 00 

'■ Hi'brtw CUrostomntliy Svo, 2 00 

Letleils's Hebrew Bible (Maswirelic Nolet tn Engllsli). 

Svo, arabesqut, 2 25 
Luzz'LtD's Urunimar of llic Biblical Cbaldaic Language and Ibe 

Talmud Babli Idioms 13mo, 1 50 

MEDICAL. 

Bull's Maternal Muimgemenl in Ilfalth and Disease I3mo, 1 00 

Hamnmrelen's Pliysioli)i,'ical Cbt-mistry. (Maudel.) Svo, 4 00 

Molt's Composition, Digestibility, and Sutrilive Value of Food. 

IvLi'ge mounted cbiirt, 1 33 

Steel's Trealiaeon the Diseases of the Ox Svo. 6 00 

■■ Treatise ou llio Diwnses of tlie Dog Svo, 3 50 

■W'lrcesler'M Sinnl! II ospilnls— Establishment noil Maioteoaucc, 
including Atkinson's Sugf,-cstioas for Hospital Arcbl- 

Ifcliire. I2mo, 1 2Q 
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